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This  paper desc r ibes  r e s e a r c h  on t h e  chemical and phys ica l  phenomena o c c u r r i n g  
between coa l  and s o l v e n t s  p r i o r  t o  t h e  onse t  o f  t h e  major l i q u e f a c t i o n  (bond 
b reak ing)  s t e p .  This  r e p o r t  i s  l i m i t e d  t o  those  phenomena t h a t  occur  r e a d i l y  
a t  t empera tures  nea r  200% and have an  e f f e c t  on t h e  subsequent l i q u e f a c t i o n  
r e a c t i o n s .  

A s e r i e s  of microautoc lave  exper iments  w i th  Bruceton Coal and W. Kentucky 9 /14  
Coal, us ing  c r e o s o t e  o i l  o r  SRC-I1  heavy d i s t i l l a t e  as s o l v e n t s ,  showed t h a t  
smal l  b u t  expe r imen ta l ly  s i g n i f i c a n t  i n c r e a s e s  i n  convers ion  can be  ob ta ined  
by h e a t i n g  t h e  coa l - so lven t  s l u r r y  f o r  one hour a t  2OO0C p r i o r  t o  a s h o r t  
c o n t a c t  time l i q u e f a c t i o n  test  (Table  1 ) .  (The presence  of hydrogen a t  2OO0C 
d i d  no t  appear  t o  be  e s s e n t i a l  f o r  t h i s  i n c r e a s e  t o  occur . )  

In  o rde r  t o  o b t a i n  a b e t t e r  unders tanding  of t h e  f a c t o r s  t h a t  cause  t h i s  
i n c r e a s e  i n  convers ion ,  and thus  propose a means t o  enhance t h e  e f f e c t ,  
s e v e r a l  experiments were conducted wi th  c o a l  and model s o l v e n t  compounds. 
Quinol ine ,  1-methylnaphthalene,  and b l ends  o f  t h e s e  two compounds were chosen 
a s  so lven t  models. The r e s u l t s  of t h e s e  experiments show t h a t  t h e s e  compounds 
are inco rpora t ed  i n t o  t h e  c o a l  w i th  p re t r ea tmen t  a t  2OO0C, b u t  no 
inco rpora t ion  occurs  wi th  s i m i l a r  p re t r ea tmen t  a t  room tempera ture .  

A t e t r ahydro fu ran  (THF) soluble-cyclohexane i n s o l u b l e  f r a c t i o n  was i s o l a t e d  
> from the  qu ino l ine  t r e a t e d  c o a l  and p u r i f i e d  by t h r e e  success ive  d i s s o l u t i o n  
, and r e p r e c i p i t a t i o n  s t e p s  i n  THF and cyclohexane. Nitrogen a n a l y s i s  o f  t h e  

products  showed t h a t  t h e  o r i g i n a l  v a l u e  o f  3.3 pe rcen t  was reduced t o  1.9 
pe rcen t  a f t e r  t h r e e  r e p r e c i p i t a t i o n  s t e p s .  F u r t h e r  r e p r e c i p i t a t i o n .  r e s u l t e d  
i n  no f u r t h e r  dec rease  i n  t h e  amount of n i t r o g e n  p resen t .  Comparing these  
va lues  wi th  t h e  1.5 pe rcen t  n i t r o g e n  i n  t h e  o r i g i n a l  c o a l  shows two- th i rds  of 
t h e  o r i g i n a l  q u i n o l i n e  inco rpora t ed  i n t o  t h e  c o a l  was removed by the  
dissolution/precipitation s t e p s .  This  f r a c t i o n  o f  t h e  i n i t i a l l y  r e t a i n e d  
qu ino l ine  is cons idered  t o  b e  p h y s i c a l l y  inco rpora t ed  i n t o  t h e  pore  s t r u c t u r e  
of t h e  c rude  qu ino l ine -coa l  adduct .  This  q u i n o l i n e  i s  no t  r e a d i l y  removed by 
e x t r a c t i o n  bu t  i s  removable by d i s s o l u t i o n  followed by r e p r e c i p i t a t i o n  i n  
excess  cyclohexane. 

The q u i n o l i n e  remaining in t h e  t h r i c e - r e p r e c i p i t a t e d  product  i s  be l i eved  t o  be 
bound by hydrogen bonds t o  a c i d i c  s i t e s ,  presumably phenol ic .  A comparison of 
t h e  microautoc lave  l i q u e f a c t i o n  behavior  of  t h i s  adduct  w i th  a cor responding  
f r a c t i o n  o f  t h e  c o a l  ob ta ined  by analogous t r ea tmen t  of t he  c o a l  w i th  1- 
methylnaphtha lene  d i d  not show any s i g n i f i c a n t  d i f f e r e n c e .  Inasmuch as t h e  1- 
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methylnaphthalene treatment of coal at 200OC could not result in acid-base 
adduct formation it was concluded that the coal quinoline adduct has no 
significant effect on subsequent liquefaction. 

The possibility of a beneficial effect of the physically incorporated solvent 
was considered. Physical incorporation of the l-methylnaphthalene as well as 
quinoline and blends of these compounds occurs readily at 20OoC. These 
physically incorporated solvents are not removable by extraction, apparently 
because they enter the fine pore structure of the coal when the coal swells 
and are then locked into the pores when cooling of the coal solvent slurry 
causes the pore structure to shrink to near its original dimensions. 

The beneficial effect of the solvent pretreatment is therefore believed to be 
a result of a greater extent of solvent aided liquefaction in contrast to the 
pyrolytic decomposition of some of the coal that reaches liquefaction 
temperatures before it is contacted by solvent. 

Table 1. Effect of Solvent Pretreatment 

(lg coal ,  5g solvent, 2000 psig, 425OC) 

Coal - 
Bruceton 
Bruceton 
Bruce ton 
Bruceton 
W. KY 9/14 
W. KY 9/14 
w. KY 9/14 
W. KY 9/14 
W. KY 9/14 

Solvent 

Creosote Oil 
Creosote Oil 
SRC-11, H.D.a 
SRC-11, H.D. 
SRC-11, H.D. 
SRC-11, H.D. 
SRC-11, H.D. 
Creosote Oil 
Creosote Oil 

Pretreatment 
Time Temper a tu r e - 
None -- 
1 hour 200% 
None 
1 hour 200% 
None 
1 hour 200% 
15 rnin. 32OOC 
None 
1 hour 200% 

-- 

-- 

-- 

Run Time 

15 min. 
15 min. 
15 min. 
15 min. 
5 min. 
5 min. 
5 min. 
5 min. 
5 min. 

THF 
Solub les 

( X I )  

61.5 
66.7 
75.6 
78.2 
85.7 
88.1 
88.2 
79.5 
81.8 

aH.D. = Heavy Distillate 

16 2 
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T h e  Grand Forks Energy Technology Center has successful ly processed low- 
rank  coals in the i r  continuous processing unit (CPU) in t h e  bottoms recycle mode 
both w i th  and without added H2S. The addi t ion o f  H2S has been shown to  enhance 
operabi l i ty  and to  increase the  y ie ld  and improve the  qua l i t y  o f  t h e  dist i l lable oi ls 
(1 -3). 

Products f rom fou r  runs  which compared t h e  ef fect  o f  added H2S and d i f f e r -  
en t  s ta r tup  solvent were analyzed f o r  H-donor content as a measure o f  recycle 
l iqu id  qua l i t y  and f o r  incorporat ion o f  su l fu r  in to  organic compounds. The  coal 
processed was a Beulah Nor th  Dakota l ign i te  (63) .  

The  run conditions are  shown in Table I and t h e  coal analysis in Table 1 1 .  
S ta r tup  solvents included a hydrogenated anthracene oil d ist i l late (HAODI), and 
surrogate recycle solvent (SS) formulated f rom an anthracene oi l  and SRC I I  
middle dist i l late (4). Syngas was a 1 : l  mole mix tu re  o f  CO and H2. 

TABLE I 

CONTINUOUS PROCESS UNIT-SLURRY RECYCLE TEST 
RUN CONDITIONS 

CPU Run No. 
S ta r t  UD Solvent 
Coal 
Gas 
Temperature, OC 
Pressure, ps i  

A d d e d  H2S 

41 65 72 
HAODI ss ss 

6 3  6 3  6 3  
Syngas H2 Syngas 
460 460 460 

4000 2600 2600 
No No Yes 

79 
ss 
6 3  

460 
2600 

No 

H2 
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TABLE I I  

ANALYSIS OF BEULAH NORTH DAKOTA LIGNITE (83) 

Proximate Analysis 
As- recei ved  

Moisture 28.84 
Volatile matter 28.99 
Fixed carbon 30.76 
Ash 11.70 
Heating value 
B tu / l b  6,731 

Ultimate Analysis 
Moisture-f  ree  

Ash 

Moisture and ash-free 

16.44 

Carbon 69.49 
Hydrogen 4.43 
N i t rogen 0.99 
Oxygen (diff) 22.26 
Su l fu r  2.81 

RESULTS AND DISCUSSSION 

Separations o f  t h e  light oi ls and recycle s l u r r y  ASTM D-1160 dist i l lates were 
carr ied ou t  b y  extract ion and sil ica gel column chromatography as described pre-  
v iously (5). T h e  ex t rac t ion  f rac t ions  included two phenolic f ract ions,  a basic 
f ract ion and a hydrocarbon f rac t ion .  The  hydrocarbon fract ions were analyzed b y  
quant i tat ive 13C NMR spectroscopy (6) and t h e  phenols were determined by capil l- 
a r y  gas chromatography on a 60m DE5 fused sil ica column (7). No signi f icant 
differences in concentrations o f  phenols were noted, and no su l fu r  was detected in 
t h e  phenolic f ract ions.  

All o f  t h e  extracted f rac t ions  were tested f o r  mutagenic i ty (Arnes tes t ) .  The 
resu l ts  showed no detectable response t o  t h e  hydrocarbon and phenolic f ract ions 
f rom ei ther Run 72 (w i th  H2S) o r  Run  79 (w i thout  H2S). The  ac t i v i t y  o f  t he  basic 
f ract ions was w i th in  t h e  expected response region usual ly associated w i th  coal- 
der ived  l iqu ids .  

An additional separation of t h e  light oi ls and recycle s l u r r y  ASTM D-1160 
dist i l lates was effected by sil ica ge l  column chromatography (5). The  twelve f rac- 
t ions were analyzed b y  cap i l la ry  GC (DB5 60m column) us ing  a post-column spl i t ter  
w i th  a flame ionization detector (F ID)  and a flame photometric detector (FPD) 
specific fo r  su l fu r  compounds. T h e  concentrat ion o f  t he  main sul fur-containing 
organic compound, dibenzothiophene was essentially t h e  same f o r  t he  D-1160 ASTM 
dist i l lates fo r  two  of t he  r u n s  (Runs 72 and 79) which were car r ied  o u t  w i th  and 
w i thout  HzS, 0.28 and 0.31% respect ively.  A typ ica l  chromatogram is  shown in 
F igure  1. The  presence o f  dibenzothiophene and two  C,-dibenzothiophene isomers 
was confirmed by cap i l la ry  GC-MS analysis. The  comparative analyses o f  the  light 
oi l  column fractions from Runs 72 and  79, w i th  and w i thout  HzS, showed tha t  the  
light oil from Run 72, t o  which H2S was added contained a much la rger  var ie ty  of 
organic su l fu r  compounds and  also contained elemental su l fu r .  Elemental su l fu r  
elutes from t h e  sil ica gel column w i t h  pentane in fract ions 3 and 4 and gives an 
excellent response w i th  the  FPD b u t  no  response w i th  the  FID. 

Analyses of the  ASTM 0-1160 d is t i l l a te  column fract ions f o r  H-donors indica- 
ted  t h a t  t he  dist i l lates obtained f r o m  Run 72 (H2S added) yielded the  same o r  
h igher  levels of H-donors even though t h e  par t ia l  p ressure  o f  hydrogen, PH , was 
on ly  about ha l f  t ha t  of Run 79 w i thout  H2S. Since the re  is  usual ly a s t rong  de- 
pendence of H-donor concentrations on  the  P (Table I l l ) ,  t h i s  resu l t  i s  appar- 
en t l y  due t o  the  presence o f  H2S. HZ' 
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TABLE I l l  

COMPARISON OF H-DONOR CONCENTRATIONS A T  VARIOUS P 
WITH AND WITHOUT H,S, 45OoC, P 

D-1160 DISTILLATE).  
= 2600 PSI, (% IN  RECYCLE S L U k k Y  ASTM 

LlQUETACTlON OF BEULAH ( 8 3 )  LIGNITE. 

Run No. 
H2S 
P (psi)  H t  

H-Donors (0s) 
Te t ra l in  
6-Methyl tetral in 
Dihydrophenanthrene 
Tetrahydrophenanthrene 
Octahydrophenanth rene 
Dihydropyrene 
Tet rahydropyrene 

65 
No 

2582 

0.85 
0.65 
0.41 
0.19 
0 
0.12 

no t  determined 

79 
No 

1986 

0.17 
0.10 
0.25 
0.09 
0 
0.02 
0.20 

72 
Yes 

1199 

0.10 
0.64 
0.40 
0.28 
0.06 
0.09 
0.34 

T h e  presence and va r ie t y  o f  organic su l fu r  compounds present  in t h e  pro-  
duc ts  depends on  su l fu r  compounds present  in the  s ta r t ing  solvent d u r i n g  the 
f i r s t  12-14 passes. Two CPU runs  w i th  83 coal started up w i th  d i f f e ren t  solvents 
showed d i f fe ren t  amounts and var iet ies o f  organic su l fu r  compounds in t h e i r  d is-  
t i l lable oils. Run 40 started up w i th  AODI (1.4%) gave a much more complex FPD 
su l fu r  t race  fo r  many o f  the  silica gel column fract ions than fract ions f rom CPU 
runs  started up  w i th  SS (0.4%S). The  pa t te rn  noted is  reproduced in t h e  coal 
l iqu ids  formed (F igure  2). 

1. 

2. 

3.  

4 .  

5. 

1. 

CONCLUSIONS 

A method f o r  monitor ing the  presence o f  elemental and organic su l fu r  com- 
pounds in  dist i l lable low-rank coal l iquefact ion produc ts  u t i l i z ing  column 
chromatography and dual detection (FID/FPD) capi l lary GC has been devel- 
oped. 

The  addition o f  H2S t o  t h e  continuous processing o f  Beulah, Nor th  Dakota 
l ign i te  does no t  increase the  amount o r  va r ie t y  o f  sul fur-containing organic 
compounds in t h e  recycle s l u r r y  ASTM-D116O vacuum dist i l late products.  It 
does, however, introduce su l fu r  and a va r ie t y  o f  volati le sul fur-containing 
organics in to  the  l i g h t  o i ls  condensed f rom the  vapor phase in the  reactor. 

The  presence and va r ie t y  of su l fu r  compounds af ter  12-14 reactor passes 
ref lects the in t roduc t ion  o f  these components in the  s ta r tup  solvent. 

No increased mutagenic i ty was observed w i t h  t h e  coal l iqu ids  processed with 
HzS. 

T h e  product ion o f  H-donors in t h e  recycle s l u r r y  ASTM D-1160 dist i l lates was 
enhanced b y  the  presence o f  H2S. 
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ANALYSIS OF THE n-HEPTANE SOLUBLE FRACTION OF COAL 
HYDROGENOLYSIS PRODUCTS BY HPLC 
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Liquid products from the hydrogenolysis of coal a r e  very complex and time and 
cos t  cons t ra in ts  l i m i t  the d e t a i l  t o  which they can be character ized.  
been developed t o  separa te  the complex l i q u i d s  i n t o  c lasses  of chemical compounds 
and average proper t ies  of such f r a c t i o n s  a re  of ten  reported. Many of the separat ion 
schemes a re  adapted from methods appl ied t o  petroleum. 
widely used t o  separa te  the l i q u i d  in to  hexane-soluble o i l s ,  asphal tenes  and pre- 
asphaltenes (1) .  Liquid chromatography using ion exchange and c lay  columns has been 
used t o  separa te  coal l iqu ids(2 ,3) .  
packed w i t h  s i l i c a  and alumina t o  produce s a t u r a t e ,  1-r ing aromatic, 2-ring aromatic 
and polynuclear aromatic f r a c t i o n s .  
i n t o  a l a r g e r  number of f r a c t i o n s  (4,5). 

High performance l i q u i d  chromatography (HPLC) o f f e r s  the poten t ia l  f o r  de ta i led  
y e t  rapid separat ion of complex l i q u i d  mixtures. 
can be var ied t o  give the d e s i r a b l e  separat ion.  
f r a c t i o n s  from the  heavy o i l  produced by hydrogenolysis of  coa ls  have been separated 
by HPLC and character ized by var ious ana ly t ica l  

Methods have 

Solvent ex t rac t ion  has been 

Neutral o i l s  were f u r t h e r  f rac t iona ted  on columns 

Sequential e l u t i o n  by so lvents  allows separat ion 

Both so lvent  and column packing 
In this research,  the  heptane soluble  

methods. 

Expc r i  menta 1 

The coal-derived l i q u i d  samples were obtained from the hydrogenolysis of coals  
i n  an entrained-flow reac tor  (6 ,7) .  The reac t ion  was catalyzed with 6% ZnC12 a t  
approximately 500" C and 12.4 MPa hydrogen pressure.  The residence time varied from 
20 seconds t o  12 minutes depending on the proper t ies  of t h e  coal .  Seven samples 
from the study o f  Garr (6 )  were se lec ted ,  as well as  one medium v o l a t i l e  bituminous 
coal .  Propert ies  o f  the coals  a r e  l i s t e d  i n  Table 1 (6,8). Coals were selected 
which showed a range of r e a c t i v i t y  during hydrogenolysis. The y i e l d  of products 
and the proper t ies  of the heptane-soluble f r a c t i o n  a r e  found i n  Table 2. 
i s  defined a s  one minus the  toluene insoluble  f r a c t i o n .  The heavy o i l  is defined 
as  t h e  mater ia l  co l lec ted  i n  the f i rs t  condenser of the l iquefac t ion  reactor .  I t  
cons is t s  of the l i q u i d s  t ranspor ted  i n  the  vapor phase from the hot catch tank, 
boi l ing above approximately 100" C.  
tus t o  obtain the  heptane so luble  f r a c t i o n .  

Conversion 

The heavy l i q u i d  was ex t rac ted  i n  Soxhlet appara 

The heptane soluble  f r a c t i o n  was separated by two HPLC schemes. A Waters 
modular HPLC system was used w i t h  two solvent  de l ivery  systems, a solvent  programmer, 
an automated sample i n j e c t o r ,  a UV absorbance de tec tor ,  a d i f f e r e n t i a l  refractometer 
de tec tor ,  and a data  module. The f i r s t  scheme employed an NH2 -11Bondapak column. 
Saturates  and non-polar aromatics were e lu ted  with heptane a t  a flow r a t e  of 2.0 
ml/min. After  15 minutes, flow was reversed and a polar  f r a c t i o n  was e lu ted .  After  
45 minutes, a 90/10 mixture o f  C H Z C ~ ~ / C ~ H ~ O H  was introduced t o  e l u t e  a more polar  
f rac t ion .  This method i s  s i m i l a r  t o  tha t  employed by Dark and McFadden (9) .  The 
second scheme employed a phenyl-UBondapak column and a non-linear gradient .  The 
i n i t i a l  solvent  was n-heptane. The gradien t  involved a 90/10 mixture of CH2C12/ 
CzH50H mixed w i t h  the heptane up t o  75% over 36 minutes. 
e lu ted  by the heptane and a polar  f r a c t i o n  was e lu ted  by the  gradient .  

The heptane-soluble f r a c t i o n s  were analyzed by carbon, hydrogen and nitrogen 
analysis  and by vapor pressure osmometry ( V P O ) .  A Perkin-Elmer Model 240 CHN 
analyzer was used f o r  elemental ana lys i s .  The VPO measurements were performed i n  
d i l u t e  pyridine so lu t ions .  

A non-polar f r a c t i o n  was 

16 8 



The f r a c t i o n s  c o l l e c t e d  by HPLC separations were analyzed by gas chromatography/ 
mass spectrometry. A 3% Dexsi l  300 on Supelcoport was used f o r  the separation. 
Approximately 300 mass spect ra l  scans were recorded f o r  each sample. To ta l  i o n  
chromatograms were obtained. 
masses. 

Mass chromatograms were obta ined f o r  se lected fragment 
The f r a c t i o n s  were a l s o  analyzed by Four ier  Transform i n f r a r e d  techniques. 

Resul t s  and O i  scussi on 

The conversion o f  t he  coal t o  to luene-solub le l i q u i d s ,  water and gases v a r i e s  
from 26% t o  86%. The low conversion sample 7 i s  a lower rank coal and the conversion 
i s  mostly due t o  p y r o l y s i s  r a t h e r  than hydrogenolysis. The res idence t ime of t h i s  
sample was only 20 seconds, i n d i c a t i n g  t h a t  the sample was blown through the reac to r  
w i t h  l i t t l e  react ions.  Samples which so f ten  and agglomerate are re ta ined  i n  the 
reac to r  for  longer t imes and show greater  conversion. A sample w i t h  h igh  conversion 
w i l l  Pass through the reac to r  i n  2-5 minutes w h i l e  sample 6 requ i red  12 minutes. 

The molecular weight o f  the heptane-soluble f r a c t i o n s  i s  about 285 and i s  
independent o f  the degree o f  conversion o r  the p roper t i es  o f  the s t a r t i n g  coals. 
The hydrogen-to-carbon r a t i o s  vary from 1.08 t o  1.41. 
t o  the medium v o l a t i l e  coal ,  which has a lower H/C r a t i o  than the o the r  coals. These 
values are averages f o r  the e n t i r e  f r a c t i o n  and do n o t  i n d i c a t e  the range covered 
by the sample. More d e t a i l e d  analys is  o f  a sample s i m i l a r  t o  No. 3 i nd i ca ted  a range 
o f  molecular weights o f  from 200 t o  700 and the H/C r a t i o  va r ied  from 0.8 t o  1.5 (10). 

HPLC separation w i t h  the NH2-VBondapak column produces a non-polar f r a c t i o n  
t h a t  i s  e lu ted  w i t h  heptane, a p o l a r  f r a c t i o n  t h a t  i s  adsorbed on the column and 
i s  e l u t e d  w i t h  heptane by reve rs ing  the d i r e c t i o n  o f  f l ow  and a more s t rong ly  adsorbed 
f r a c t i o n  t h a t  i s  on l y  removed by a p o l a r  so lvent .  Only the f i r s t  f r a c t i o n  shows 
chromatographic separation. 
very s im i la r ,  d i f f e r i n g  on ly  i n  the r e l a t i v e  amounts o f  the th ree  f r a c t i o n s .  

The lower  number corresponds 

P 

The e l u t i o n  p a t t e r n  f o r  each o f  the e i g h t  samples i s  

HPLC separation w i t h  the phenyl-Bondapak column produces a non-polar f r a c t i o n  
1 which e l u t e s  w i t h  heptane and a so la r  f r a c t i o n  t h a t  e lu tes  w i t h  the i nc reas ing l y  

po la r  so lvent  gradient. Samples 4, 6 and 8 showed considerable ma te r ia l  e l u t i n g  
between the two f rac t i ons .  
The phenyl-Nondapak column o f f e r s  the p o t e n t i a l  f o r  improved separations o f  the 
1 iqu ids.  

OH s t r e t c h i n g  near 3400 cm-T and some C=O s t r e t c h i n g  a t  1700 cm-1. The aromatic 
C-H s t r e t c h  i s  weak bu t  there are bands due t o  aromatic species a t  1600 cm-1 and 
800 cm-1 and a l i p h a t i c  compounds a t  1455 cm-1. 
OH absorpt ion and lower carbonyl i n t e n s i t i e s .  The spectra o f  a l l  p o l a r  f r a c t i o n s  
are s i m i l a r .  

The other  samples showed on ly  the .two, r a t h e r  d i s t i n c t  peaks. 

The i n f r a r e d  spectra o a l l  non-polar f r a c t i o n s  are s i m i l a r  They show moderate 

The po la r  compounds show a s t ronger  

The GC/MS r e s u l t s  demonstrate t h a t  the non-polar f r a c t i o n s  con ta in  a1 k y l  
The aromatic systems are h i g h l y  subs t i t u ted  w i t h  a l k y l  chains and 

The p o l a r  groups con ta in  phenols and diphenols i n  add i t i on .  
I aromatics. 

saturated r ings.  
These r e s u l t s  agree w i t h  previous s t r u c t u r a l  cha rac te r i za t i on  o f  coal  l i q u i d s  (10, 
11,121. 

The HPLC separation o f f e r s  the p o t e n t i a l  f o r  separat ing and cha rac te r i z ing  coa l -  
der ived l i q u i d s .  
dif ferences, even though they were produced from d i f f e r e n t  coals  w i t h  d i f f e r e n t  
degrees o f  conversion. 

However, the samples analyzed i n  t h i s  study d i d  n o t  show major 
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Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

Table 1 
Propert ies  of  Coalsa 

Vi t r i n i t e  
Vola t i le  r e f l e c -  

mat ter ,  tance,  
Coal, Field HJ % % mafb 

Beehive, Wasatch Plateau 
Swisher, Wasatch Plateau 
Hiawatha, Wasatch Plateau 
Kaiser, Book Cl i f f  
Soldier  Creek, Book C l i f f  
Convulsion Canyon, Sal ina 
Morby Seam, Coalv i l le  
Coal Basin (Colorado) 

53.6 0.93 
52.3 0.90 
50.3 0.93 
43.9 0.84 
49.2 0.82 
45.3 0.85 
59.0 0.84 
26.0 0.71 

0.556 
0.533 
0.547 
0.714 
0.658 
0.502 
0.527 -- 

I n e r t  
macerals, 

% 

8.5 
4.5 
4.1 
6.7 

20.7 
35.5 
18.1 -- 

Rank 

HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVCB 

MVB 

Data f o r  Samples 1-7 from Reference 6. 
Sample 8 from Reference 8. 

Table 2 
Hydrogenolysi s Products 

Sample Conversion,a Heavy o i l  , a  Heptane Soluble Fraction 
% coal % coal % of Heavy o i l  Molecular weight H/C 

l b  
2 
3 
4 
5 

’, 6 
7 
8 

86.2 
71 .O 
79.6 
73.5 
37.3 
53.3 
26.3 
47.5 

67.4 
53.4 
55.3 
60.0 
20.3 
37.8 

7.1 
28.9 

59.0 
47.1 
71.3 
43.3 
49.7 
65.8 
66.7 
53.9 

298 1.34 
280 1.32 
289. 1.30 
284 1.39 
293 1 .28  
280 1 . 2 2  
286 1.41 
273 1.08 

a Data from Reference 6. 
3% ZnC12. 
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U n i v e r s i t y  o f  C a l i f o r n i a ,  L o s  Angeles ,  CA 90024 

and 
C l i f f o r d  R. P o r t e r  

P e n t a n y l  T e c h n o l o g i e s ,  I n c . ,  11728 Highway 9 3 ,  Boulder ,  CO 80303 

INTRODUCTION 

L i q u e f a c t i o n  and h e t e r o a t o m  removal a re  of  impor tance  i n  
a d a p t i n g  c o a l  i n t o  f u e l s  and chemica l  f e e d s t o c k s  which now depend on 
pe t ro leum.  S o l u b l e  r e a g e n t s  and c a t a l y s t s  a r e  needed t o  d e a l  with 
coal s o l i d s .  I r o n  p e n t a c a r b o n y l  h a s  been found t o  b e  a n  economica l ly  
v i a b l e  r e a g e n t  and/or  c a t a l y s t  f o r  up-grading c o a l ;  s t u d i e s  of i ts 
u s e  i n  d e s u l f u r i z a t i o n  and h y d r o g e n a t i o n  have been r e p o r t e d  (1). In  
fundamenta l  s t u d i e s  a t  UCLA o u r  o b j e c t i v e  i s  t o  e l u c i d a t e  t h e  
r e a c t i v i t y  of  i r o n  c a r b o n y l  under  water g a s  s h i f t  (WGS) c o n d i t i o n s  
towards  o r g a n i c  s u b s t r a t e s  t h a t  model c o a l  s t r u c t u r e .  O u r  work i s  
p a r a l l e l e d  by s imilar  s t u d i e s  u s i n g  a v a r i e t y  of  o t h e r  metal  
c a r b o n y l s ,  ( 2 )  and is preceded  by s t u d i e s  o f  Wender and Orchin  and 
t h e i r  co-workers  u s i n g  c o b a l t  c a r b o n y l  ( 3 , 4 ) .  

EXPERIMENTAL 

Glass r e a c t i o n  v e s s e l s ,  f i t t e d  t o  a 0.3 L copper  l i i r e d  a u t o c l a v e  
or a 0 . 1  L s t a i n l e s s  s t e e l  a u t o c l a v e  were used  f o r  a l l  s t u d i e s .  
R e a c t i o n s  were a n a l y z e d  by e x t r a c t i n g  t h e  g l a s s  l i n e r  c o n t e n t s  with 
C C 1  , d r y i n g  w i t h  MgS04 and removing s o l v e n 5  on a r f f a r y  e v a p o r a t o r .  
C h a f a c t e r i z a t i o n  was perfomed by I R ,  GC, H and C NMR and mass 
s p e c t r a l  methods. Gas sarppl ing above t h e  r e a c t i o n  m i x t u r e  shows both 
H and CO (by g a s  chromatography)  i n d i c a t i n g  t h a t  t h e  water gas  
sifift r e a d i o n  had t a k e n  p l a c e .  C o n t r o l  e x p e r i m e n t s  i n  which no i r o n  
complex was p r e s e n t  were per formed f o r  a l l  r e p o r t e d  r e a c t i o n s .  
A c r i d i n e  i s  t h e  o n l y  compound t h a t  i s  s i g n i f i c a n t l y  hydrogenated 
under t h e  c o n t r o l  c o n d i t i o n s ;  t h e  o t h e r  substrates  a r e  u n a f f e c t e d  
u n l e s s  i r o n  c a r b o n y l  is a l s o  p r e s e n t .  

RESULTS AND DISCUSSION 

R e a c t i o n s  i n  methanol ,  water and baBe under  carbon monoxide 
p r e s s u r e  were i n i t i a l l y  per formed a t  150 C t o  o p t i m i z e  t h e  i r o n  
c a r b o n y l  c a t a l y z e d  water g a s  s h i f t  r e a c t i o n  (5,6) see T a b l e  I. 
N i t r o g e n  h e t e r o c y c l e s  a re  r e a d i l y  hydrogenated  under  t h e s e  
c o n d i t i o n s .  Q u i n o l i n e ,  1, is 100% hydrogenated  i n  t h e  n i t r o g e n -  
c o n t a i n i n g  r i n g .  I s o q u i n o l i n e ,  3 ,  is b o t h  hydrogenated  and N- 
f o r m y l a t e d  t o  4 (71,  s i m i l a r l y  i n  100% y i e l d .  Hydrogenat ion  of only  
one of t h e  t w o  n i t r o g e n  c o n t a i n i n g  r i n g s  of  t h e  p h e n a n t h r o l i n e s ,  i s  
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Table I. 

Substrate 

Quinoline 

1 - 

Isoquinoline 

3 - 

Acridine 

5 - 

Reductions with Iron Carbonyl Catalyzed Water Gas 

Shift System 

Product Yieldatb 

q ?  100% 

6 100% - 

4.7-phenanthroline wy 
7 ,H 

1,lO-phenanthroline 

9 

anthracene 

It  

10 -- 

15% 

50% 

-- 12 25% 

aReaCtiOn conditions are as follows: 15OoC, 42 kgcm-2, 

15 h in CH30H ( 7 5  ml) H20 (25 ml) KOH (4.8 g), 

substrate (5.0 mol) and Fe(CCI5 (2.5 m~ol). 

bunder the a6ove conditions but without Fe(CO)5, no 

reactions are observed. 

173 



observed .  The y i e l d - o f  1 0  i s  s i g n i f i c a n t l y  reduced  s i n c e  it forms 
i r o n  complexes as i n d i c a t f d  by a b r i g h t l y  c o l o r e d  aqueous phase 
p a r t i a l l y  c h a r a c t e r i z e d  by H NMR of acetone-d.6 e x t r a c t s .  Anthracene 
is r e l a t i v e l y  u n r e a c t i v e  under  t h e s e  c o n d i t i o n s .  W e  have however 
found ways i n  which i t s  h y d r o g e n a t i o n  may b e  s i g n i f i c a n t l y  incrgased ,  
see below. Compounds which we found t o  be u n a f f e c t e d  a t  150 C a r e  
n a p h t h a l e n e ,  p h e n a n t h r e n e ,  d i b e n z y l ,  a n i s o l e ,  d i p h e n y l  e t h e r  and 
d i b e n z t h i o p h e n e .  

I n  l i g h t  of t h e  100% y i e l d s  o b s e r v e d  i n  t h e  c o n v e r s i o n s  of 1, 3 
and 5 t h e s e  r e a c t i o n s  were performed u s i n g  c a t a l y t i c  amaunts of i r o n  
c a r b o n y l ;  t h e  r e su l t s  a re  l i s t e d  i n  T a b l e  11. A t  1 5 0  C ,  22 and 24 
molar e q u i v a l e n t s  e a c h  of  3 and 5 ,  r e s p e c t i v e l y ,  a re  hydrogenated.  
A t  s l i g h t l y  h i g h e r  t e m p e r a t u r e s ,  Fe (CO) c a t a l y z e s  t h e  hydrogenat ion 
o f  1 w i t h  an a c t i v i t y  of 4 3  t u r n o v e r s .  

TABLE I 1  
REDUCTIONS OF NITROGEN CONTAINING HETEROCYCLES 

USING CATALYTIC ~ O U N T S  OF FE(CO)5 

SUBSTRATE  RATIO^ T/OC - -  

mN 55 : 1 150 

?? 

PRODUCT AND T N ~  

A 
n 

ap 250 : 1 180 

AjRATIO OF SUBSTRATE TO FE(CO)~ 
B) MOL OF PROD./ MOL OF FE(CO)5 
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R e a c t i o n s  were n e x t  u n d e r t a k e n  a t  300 OC t o  p a r a l l e l  c o a l  
l i q u e f a c t i o n s  which are  o b s e r v e d  i n  h i g h e r  y i e l d  a t  t h e  h i g h e r  
t e m p e r a t u r e  ( 8 ) .  Using c a t a l y t i c  amounts o f  Fe(C0I5 ,  i s o q u i n o l i n e  is 
a g a i n  N-formylated and hydrogenated  w i t h  a t o t a l  of  35 t u r n o v e r s  
(Table  11). Dibenzoth iophene ,  on t h e  o t h e r  hand, remains  u n r e a c t i v e .  
Other  s t u d i e s  a t  300 OC a re  summarized i n  T a b l e  111. The f i r s t  e n t r y  
shows t h a t  a n t h r a c e n e ,  t h e n  t r e a t e d  by i t s e l f  i s  less c o n v e r t e d  (19%) 
t h a n  it was a t  150 c .  I t  o c c u r r e d  t o  us t h a t  some of  t h e  
c o n s t i t u e n t s  i n  c o a l ,  i t s e l f ,  might a f f e c t  t h e  c a t a l y t i c  p r o p e r t i e s  
Of Fe(C0I5. W e  t h e r e f o r e  c a r r i e d  o u t  e x p e r i m e n t s  i n  which t h e  
r e d u c t i o n  of a n t h r a c e n e  was i n v e s t i g a t e d  i n  t h e  p r e s e n c e  of t h e  
s u b s t a n c e s  l i s t e d  i n  t h e  n e x t  f o u r  e n t r i e s  i n  T a b l e  111. PLj=Lh Lkusse 
Q areater dearee Q€ conversion pf anLtuacp n e  h 12 is b b d .  The 

TABLE I 1 1  
NITROGEN HETEROCYCLES ENHANCING THE HYDROGENATION OF ANTHRACENE 

TO ~,~O-DIHYDROANTHRACENE, L ,  AT 30OoC. A 

HETEROCYCLE 

IlONE 

YIELD  OF^/ MOL FE(CO)~ 

19% 

259 

372 

62% 

2961 

A) 

B) 

REACTION CONDITIONS AT 3OO0C : CO, 70 K G C M - ~  , 1 H IN H20 (2.5 ML), KOH ( 2 . 8 ~ ) .  
SUBSTRATE (3.0 MMOL), HETEROCYCLE (3.0 MMOL) AND F ~ ( c O l ~ ( 3 . 0  MMOL), 

OTHER CONSTITUENTS, FE(C015 (1.5 MMOL); TERPYRIDINE (1.5 MMOL); ANTHRACENE (15 MMOL), 

co, H20 AND KOIi AS ABOVE BUT WITH PHASE TRANSFER CATALYST ADDED: F'IE~NCL (1,5 M M O L ) ~  
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n i t r o g e n  h e t e r o c y c l e s  a re  t h u s  b e n e f i c i a l  t o  r e d u c t i o n s  c a t a l y z e d  by 
i r o n  p e n t a c a r b o n y l  w h i l e  q u i n o l i n e  and p h e n a t h r o l i n e  are  themselves  
under going  c o n v e r s i o n  t o  p a r t i a l l y  hydrogenated  (and/or  N-f ormylated)  
products .  Notably ,  t h e  n i t r o g e n  h e t e r o c y c l e s  p h e n a t h r o l i n e ,  
d i p y r i d y l  and t e r p y r i d y l  which may p a r t i c i p a t e  a s  c h e l a t i n g  l i g a n d s  
on i r o n  were more e f f e c t i v e  f o r  h y d r o g e n a t i o n  of  a n t h r a c e n e  than 
q u i n o l i n e .  

The e f f e c t  on t h e  r e d u c t i o n  o f  a n t h r a c e n e  of  a phase t r a n s f e r  
c a t a l y s t  added e i t h e r  by i t s e l f  or t o g e t h e r  w i t h  d i p y r i d y l  is 
summarized i n  T a b l e  IV. I n  such  a d d i t i o n s ,  d r a m a t i c  i n c r e a s e s  a r e  
observed  i n  t h e  r e d u c t i o n .  Such r e s u l t s  a t  3OO0C c o n t r a s t  t h e  work 
of  Alper and co-workers who a t  room t e m p e r a t u r e  o b s e r v e d  no b e n e f i t  
of a phase  t r a n s f e r  a g e n t  i n  t h e  r e d u c t i o n  o f  a r o m a t i c  n i t r o  
compounds by Fe(C0) (or Fe (CO)  1 (9). The p r e s e n c e  of 
te t rabutylammonium i 2 d i d e  in&-ease% t h e  y i e l d  o f  9 ,lo- 
d i h y d r o a n t h r a c e n e  4 4  times. Combining Bu N I  and d i p y r i d y l  with 
Fe(C0) , g i v e s  t h e  g r e a t e s t  r e d u c t i o n  of anth$acene,  17.1 t u r n o v e r s .  

Tge  r o l e  of  t h e  p h a s e  t r a n s f e r  c a t a l y s t s  is most l i k e l y  t o  
i n c r e a s e  t h e  base  c o n c e n t r a t i o n  i n  t h e  v i c i n i t y  of  t h e  i r o n  c a t a l y s t  
and f u r t h e r ,  t o  s o l u b i l i z e  t h e  a n i o n i c  i r o n  i n t e r m e d i a t e s  i n  t h e  
o r g a n i c  p h a s e .  The l a s t  e n t r y  i n  T a b l e  I V  r e p r e s e n t s  an experiment  
where t h e  te t raa lkylammonium phase  t r a n s f e r  c a t a l y s t  and t h e  base a r e  
combined i n  t h e  form o f  Me NOH. With t h i s  r e a g e n t  t h e  p r o d u c t  y i e l d  
i s  comparable  t o  t h a t  o r i g A a l l y  a c h i e v e d  w i t h  42 e q u i v a l e n t s  of KOH. 

TABLE I V  
.EFFECT OF PHASE TRANSFER AGENTS AND 

PHASE TRANSFER AGENTS WITH DIPYRIDYL FOR ENHANCING THE 

HYDROGENATION OF ANTHRACENE TO ~ , ~ ~ - D I H Y D R O A N T H R A C E N E ,  iA 

PHASE TRANSFER TURN- TURNOVER 
AGENT WE2 w/DlevRrDvL 

NONE 0.32 0.62 

B u ~ N  I 14.2 17.1 

M E ~ N O H ~  0.54 

A C ~ ~ ~ ~ ~ ~ ~ ~ ~  A S  BEFORE AT 300°C 

B~~~ OF ~ / M M O L  OF F E ( C O ) ~  

c~~~ EXCLUDED FROM THIS REACTION, 
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Some p r e l i m i n a r y  e x p e r i m e n t s  t o  e l u c i d a t e  t h e  p r i n c i p a l  c a t a l y s t  
s p e c i e s  i n  S o l u t i o n  and m e c h a n i s t i c  f e a t u r e s  of t h e  r e d u c t i o n s  were 
under taken .  To d e t e r m i n e  t h e  p r i n c i p l e  i r o n  c a r b o n y l  s p e c i e s  a t  
r e a c t i o n  c o n d i t i o n s ,  a l i q u o t s  were withdrawn from t h e  a u t o c l a v e  a t  
175' c. IR spectra -of t h e s e  o b t a i n e d  w i t h i n  3 min Of Sampling 

S i n c e  t h e  p r i n c i t a l  s p e c i e s  may n o t  b e  t h e  c a t a l y t i c a l l y  a c t i v e  
species Some o t h e r  p o s s i b l e  c a n d i d a t e  complexes were t e s t e d  as 
c a t a l y s t s ;  t h e s e  a r e  shown i n  T a b l e  V. A l l  p roved  i n f e r i o r  t o  
Fe(C0I even i n  t h e  p r e s e n c e  of d i p y r i d y l .  Of special s i g n i f i c a n c e  
i s  t h &  c l u s t e r  compounds, which are  known t o  c o n s t i t u t e  t h e r m a l  
d e g r a d a t i o n  p r o d u c t s  of metal c a r b o n y l s ,  were e q u a l l y  less e f f e c t i v e  
as  t h e  loaded  forms of t h e  c a t a l y s t  t h a n  i r o n  p e n t a c a r b o n y l .  

' i n d i c a t e  t h a t  HFe(C0) is the p r i n c i p a l  i r o n  c a r b o n y l  species ( 1 0 ) .  

TABLE V 
COMPARISON OF IRON(O)  COMPLEXES FOR THE 

HYDROGENATION OF ANTHRACENE TO ~ ,~~-D IHYDROANTHRACENE,  IA 

CoMPLEX 

F E K O )  j 

TURN- TURNOVER 
d W/DIPYRIDYL 

14.2 17,l 

3 . 4  

11.2 

A CONDITIONS A S  BEFORE A T  300°C 
B MOL EQUIV OF ~ / E Q U I V  OF IRON(O) 

F i n a l l y ,  we t e s t e d  d i m e t h y l a n t h r a c e n e  t o  e l u c i d a t e  whether  a 
&-concerted a d d i t i o n  o r  some o t h e r  p r o c e s s  were t a k i n g  p l a c e  i n  t h e  
hydrogenat ion  (11). Our r e s u l t s  are shown i n  r e a c t i o n  1. 
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We o b s e r v e  a 48%:52% m i x t u r e  o f  t h e  and k a u i  isomers  
s u g g e s t i n g  t h a t  e i t h e r  an e l e c t r o n  t r a n s f e r  or hydrogen atom t r a n s f e r  
is t h e  i n i t i a l  s tep  of r e d u c t i o n .  The r e d u c t i o n  p o t e n t i a l s  of a 
number o f  t h e  compounds s t u d i e d  and t h e i r  a b i l i t y  t o  be  reduced  under 
i r o n  c a r b o n y l  c a t a l y z e d  WGS c o n d i t i o n s  is shown i n  T a b l e  V I .  A 
c o r r e l a t i o n  i s  s e e n  among t h e s e  d a t a ,  (121 ,  s u p p o r t i n g  an e l e c t r o n  
t r a n s f e r  p r o c e s s  as t h e  i n i t i a l  s t e p  i n  t h e  r e d u c t i o n  of t h e  
a r o m a t i c s .  

TABLE V I  
CORRELATION OF HYDROGENATIONS UNDER F E ( C O ) ~  CATALYZED 

WGSR WITH Eq VS SCE 
SuesTRnTE Lj/v 

\ 

PYRIDINE -2 I52 NOT REDUCED 

NAPHTHALENE -2.50 " 

-2.32 I1 

-2 I11 I, 

ANTHRACENE -1,94 REDUCED IN MIDDLE RING 

QUINOLINE w 
L10-PHENANTHROLINE 1.06 @% 
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CONCLUSION 

I r o n  p e n t a c a r b o n y l  c a t a l y z e s  t h e  h y d r o g e n a t i o n  Of n i t r o g e n  
h e t e r o c y c l e s  r e g i o s e l e c t i v e l y  i n  t h e  n i t r o g e n  c o n t a i n i n g  r i n g  and 
a n t h r a c e n e  is hydrogengted i n  t h e  middle  r i n g  under  water g a s  s h i f t  
c o n d i t i o n s  above 150 c. C h e l a t i n g  n i t r o g e n  h e t e r o c y c l e s  a c t i v a t e  
t h e  Fe(C0) toward  a n t h r a c e n e  hydrogenat ion .  Phase t r a n s f e r  
c a t a l y s t s  h s o  have a pronounced enhancement e f f e c t  On all 
r e d u c t i o n s .  There i s  t h u s  h i g h  p o t e n t i a l  i n  use of  i r o n  
p e n t a c a r b o n y l  i n  h y d r o g e n a t i o n s  when a c t i v a t e d  by a p p r o p r i a t e  
s y n e r g i s t i c  a g e n t s .  P r e l i m i n a r y  s t u d i e s  s u g g e s t  t h a t  t h e s e  
r e d u c t i o n s  proceed  by an i n i t i a l  e l e c t r o n  t r a n s f e r  p r o c e s s  from 
H F e ( C 0 ) 4  . 
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THE ORGANIC CHEMISTRY OF CALCIUM: A NEW PHENOL SEPARATION/RECOVERY APPROACH 

R ichard  H. Schlosberg and Char les  G. Scouten 

Corpora te  Research Science Labora to r ies  
Exxon Research and Eng ineer ing  Company 
P.O. Box 45, L inden, New Je rsey  07036 

INTRODUCTION 

Phenols (e.g. phenol ,c reso ls ,  x y l e n o l s )  comprise a s i g n i f i c a n t  f r a c t i o n  
o f  most coal  l i q u i d s .  
products from such d i r e c t  c o a l  l i q u e f a c t i o n  processes as H-Coal , Solvent-  
Ref ined Coal (SRC) and t h e  Exxon Donor So lvent  (EDS) process. The t o x i c ,  
c o r r o s i v e  and chemica l l y  r e a c t i v e  na tu re  o f  phenols i s  a p o t e n t i a l  source of 
problems i n  t h e  d i r e c t  u t i l i z a t i o n  o f  coa l  l i q u i d s  as s y n t h e t i c  f u e l s .  

i nvo l ves  t rea tment  w i t h  aqueous c a u s t i c  t o  produce wa te r -so lub le  sodium 
phenates. A f t e r  separa t i on  o f  t h e  r a f f i n a t e ,  t rea tmen t  o f  t h e  sodium phenate 
s o l u t i o n  w i t h  an ac id ,  such as carbon d i o x i d e ,  can be used t o  r e c o n s t i t u t e  t h e  
pheno ls . ( l )  
non-phenol ic o rgan ic  m a t e r i a l s  i n t o  t h e  aqueous phase a long w i t h  t h e  phenols. 
These co-ex t rac ted  o rgan ics  can subsequent ly appear as i m p u r i t i e s  i n  t h e  
recovered phenols,  t he reby  render ing  t h e  pheno l i c  stream s u f f i c i e n t l y  impure 
t o  p rec lude i t s  use as a chemical  feeds tock  f o r  t h e  p roduc t i on  o f  polymers 
o r  polymer i n te rmed ia tes .  T h i s  paper desc r ibes  new organocalc ium chemistry 
which a1 lows separa t i on  and recove ry  o f  phenols from hydrocarbon streams, and 
which avo ids  t h e  d i f f i c u l t i e s  descussed above. 

A l ky lpheno ls  a lone comprise up t o  20 w t %  o f  t h e  l i q u i d  

One o f  t h e  more common schemes f o r  separa t i ng  phenols f rom coal  l i q u i d s  

One major  d i f f i c u l t y  w i t h  t h i s  method i s  t h e  c o - e x t r a c t i o n  o f  

EXPERIMENTAL SECTION 

A l l  man ipu la t i ons  were c a r r i e d  ou t  under a n i t r o g e n  atmosphere t o  
T rans fe rs  o f  s o l i d s  were performed i n  a exclude carbon d i o x i d e  and oxygen. 

glove box. 
h a l f - s a l t  p repara t i ons ,  us ing  a m ine ra l  o i l  bubb ler  as a p ressure  r e l i e f .  
A Perkin-Elmer Model TGS-2 Thermograv imet r ic  System, o r  a comparable u n i t  
assembled from components, was used f o r  TGA s tud ies .  Under argon, t h e  TGA 
oven was programmed from ambien t  t o  850°C a t  10"C/min, then hea t ing  was 
cont inued a t  850°C under a i r  f o r  res idue  combustion. Elemental  analyses 
were performed by personnel  o f  t h e  ER&E A n a l y t i c a l  and In fo rma t ion  D iv i s ion .  

Ma te r ia l s .  

A smal l  p o s i t i v e  p ressure  o f  n i t r o g e n  was main ta ined d u r i n g  

Commercial ly ob ta ined  s o l v e n t s  and reagents were o f  a n a l y t i c a l  reagent 
q u a l i t y  and were used as-recieved. Sodium phenate and potassium phenate 
were prepared from phenol and t h e  cor respond ing  hydrox ide ,  as descr ibed by 
Kornblum and Lu r ie . (7 )  
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Prepara t i on  of Calcium H a l f - S a l t  o f  Phenol i n  Aqueous S lu r r y .  

A t w o - l i t e r  f l a s k  was charged w i t h  37.0 g o f  ca l c ium hydrox ide  (0.50 mole), 
47.0 g of phenol (0.50 mole) and 1 l i t e r  o f  carbon d i o x i d e - f r e e  water. 
f l a s k  was f i t t e d  w i t h  a magnet ic s t i r r i n g  bar,  and a condenser which was 
connected t o  a low-pressure n i t r o g e n  source. 
heated a t  85-90°C f o r  16 h r ,  then f i l t e r e d  w h i l e  s t i l l  hot .  The produc t  was 
i s o l a t e d  by evapora t ing  t h e  f i l t r a t e  t o  dryness under reduced pressure,  then 
d r y i n g  t h e  s o l i d  t o  cons tan t  we igh t  under vacuum. 
s a l t  was e s s e n t i a l l y  q u a n t i t a t i v e ,  74.4 g ( t h e o r e t i c a l  y i e l d :  75.1 9). 

The 

The s t i r r e d  r e a c t i o n  s l u r r y  was 

The y i e l d  of  ca l c ium ha l f -  

The elemental  compos i t ion  o f  t h e  produc t  i s  g i ven  i n  Tab le  I. 

Prepara t i on  o f  Calcium H a l f - S a l t  o f  Phenol i n  Benzene. 

The r e a c t i o n  o f  ca l c ium hydrox ide  w i t h  excess phenol i n  benzene i s  
descr ibed t o  i l l u s t r a t e  t h e  general  procedure used t o  p repare  h a l f - s a l t s  i n  
o rgan ic  media. 

A 500-1111 Erlenmeyer f l a s k  was charged w i t h  9.919 o f  ca l c ium hydrox ide  
(134 mmol) , 25.2 g o f  phenol (268 m m o l ,  2 - f o l d  mo lar  excess) and 450 m l  o f  
benzene, then  a t tached  t o  a low-pressure n i t r o g e n  source. 
s l u r r y  was s t i r r e d  f o r  72 h r  a t  ambient tempera ture  then  f i l t e r e d ,  washing 
t h e  f i l t e r  cake tho rough ly  w i t h  benzene t o  remove unreac ted  phenol. The 
r e s u l t i n g  s o l i d  was d r i e d  t o  cons tan t  we igh t  a t  50°C under vacuum t o  g i v e  
18.8 g o f  t h e  ca l c ium h a l f - s a l t  (93% o f  t h e  t h e o r e t i c a l  y i e l d ,  20.1 g) as a 
f l u f f y ,  w h i t e  powder (Found: 47.39% C y  3.97% H, 25.94% Cay 22.13% 0 by NAA; 
Ca lcu la ted :  47.98% C, 4.03% H ,  26.69% Ca, 21.31% 0). 

The TGA o f  t h i s  p roduc t  i s  shown i n  F igu re  1. An X-ray a n a l y s i s  
(powder p a t t e r n )  i n d i c a t e d  t h a t  no s i g n i f i c a n t  amount o f  ca l c ium hydrox ide  
remained. No weight was l o s t  when a 5-9 sample o f  t h e  s o l i d  was e x t r a c t e d  
f o r  72 h r  w i t h  e t h e r  i n  a Soxh le t  apparatus,  and no phenol was found by GC 
a n a l y s i s  o f  t h e  e t h e r  e x t r a c t s .  

' 

The r e a c t i o n  

P y r o l y s i s  o f  Calcium H a l f - S a l t  o f  Phenol. 0 

\ 

The p y r o l y s i s  o f  t h e  ca l c ium h a l f - s a l t  o f  phenol a t  650°C f o r  60 min. i s  
\ descr ibed t o  i l l u s t r a t e  t h e  general  procedure used f o r  py ro l yses  i n  t h e  

m i n i p y r o l y z e r  ( F i g u r e  2). 

I n  a n i rogen- f l ushed  g love  box, t h e  q u a r t z  r e t o r t  was charged w i t h  
1.55 g o f  t h e  phenol h a l f - s a l t  (10.3 mmol) and a gas bag was a t tached t o  the  
condenser vent. Dry  I c e  was added t o  coo l  t h e  condenser, and t h e  r e t o r t  was 
plunged i n t o  t h e  preheated b l o c k  which was main ta ined a t  650°C. A f t e r  1 hr,  
t h e  r e t o r t  was removed from t h e  b lock  and t h e  condenser was a l lowed t o  warm 
t o  room temperature.  
gas was removed and discarded. The r e t o r t  con ta ined 0.61 g o f  res idue 
(39% o f  t h e  charge, t h e o r e t i c a l  amount o f  CaO: 0.59 9).  
0.93 g o f  l i q u i d s  (60% o f  t h e  charge, t h e o r e t i c a l  amount o f  phenol :  0.97 g) 
was recovered us ing  a small amount o f  methylene c h l o r i d e  so lvent .  Ana lys i s  
b y  GC i n d i c a t e d  t h a t  phenol (97%) and a t r a c e  o f  d ipheny l  e t h e r  comprised 
t h e  l i q u i d  products.  Thus, a 94% phenol recovery  and a n e a r l y  q u a n t i t a t i v e  
mass balance were ob ta ined i n  t h i s  experiment. 

\ 

+ 

The gas bag, which conta ined o n l y  a smal l  amount o f  

From t h e  condenser, 
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Prepara t i on  o f  Calc ium Diphenate  i n  Toluene. 

To a o n e - l i t e r ,  round-bo t tomed  f l a s k  was charged 7.41 g o f  ca lc ium 
hydrox ide  (100 mmol), 23.5 g o f  phenol (250 mmol) and 700 m l  o f  to luene.  The 
f l a s k  was f i t t e d  w i t h  a magnet ic  s t i r r i n g  ba r  and a Dean-Stark t r a p  t o  which 
was f i t t e d  a r e f l u x  condenser connected t o  a low-pressure  n i t r o g e n  source. 
The s t i r r e d  r e a c t i o n  m i x t u r e  was heated under r e f l u x  f o r  72 h r ,  t hen  f i l t e r e d .  
So lvent  was evaporated under reduced pressure ,  and t h e  r e s u l t i n g  brown s o l i d  
was d r i e d  t o  cons tan t  we igh t  under vacuum a t  50°C. 
d iphenate  was 15.14 g (70% o f  t h e  t h e o r e t i c a l  y i e l d  o f  22.63 g; Found: 61.86% 
C, 4.48% H; Ca lcu la ted :  

The y i e l d  o f  ca lc ium 

63.70% C, 4.45% H, 17.71% Ca, 14.14% 0). 

RESULTS AND DI SCUS~ION 

When a n a l y t i c a l  reagent  grade phenol was t r e a t e d  w i t h  an equ imolar  amount 

Ins tead,  t he  data 
o f  ca lc ium hydrox ide  i n  a water  s l u r r y  a t  85-90°C, a s a l t  was formed which 
was not ca lc ium diphenate,  PhO-Ca-OPh, as shown i n  Table I. 
are  c o n s i s t e n t  w i t h  fo rma t ion  o f  t h e  ca l c ium h a l f - s a l t ,  PhO-Ca-OH (Eq. 1). 
T h i s  compound had p r e v i o u s l y  been prepared by  t r e a t i n g  ca l c ium d iphenate  
w i th  a m i x t u r e  o f  carbon monoxide and hydrogen a t  105 - 110°C.(2) 

25 - 100°C 
Ph-OH + Ca(OH)2 + Ph-0-Ca-OH + H20 

Calcium h a l f - s a l t s  can a l s o  be prepared i n  o rgan ic  media. The products 
ob ta ined by r e a c t i n g  a t w o - f o l d  excess o f  phenol w i t h  ca l c ium hydrox ide  i n  
benzene, to1  uene, xylene, pentane o r  cyclohexane s l u r r i e s  a t  25°C were 
i d e n t i c a l  t o  those o f  t h e  h a l f - s a l t  ob ta ined  i n  water. Thus, f o rma t ion  o f  
ca l c ium h a l f - s a l t s  i s  a genera l  r e a c t i o n ,  and i s  n o t  s p e c i f i c  t o  t h e  aqueous 
m e d i  um. 

Under t h e  m i l d  c o n d i t i o n s  d iscused above, t h e  ca l c ium phenol h a l f - s a l t  
i s  not s u f f i c i e n t l y  b a s i c  t o  r e a c t  w i t h  a d d i t i o n a l  phenol t o  form ca lc ium 
diphenate.  I n  a t o l u e n e  s l u r r y ,  ca l c ium d iphenate  could,  however, be 
ob ta ined under f o r c i n g  c o n d i t i o n s :  72 h r  under r e f l u x  w i t h  cont inuous  
separa t i on  o f  water  (Dean-Stark t r a p ) . ( 3 )  The produc t  was i s o l a t e d  by 
evapora t ing  t o  dryness under reduced pressure.  
produced was r e a d i l y  s o l u b l e  i n  a v a r i e t y  o f  o rgan ic  so l ven ts  i n c l u d i n g  
benzene, to luene ,  xy lene  and e ther .  I n  c o n t r a s t ,  t h e  ca l c ium h a l f - s a l t  of 
phenol was i n s o l u b l e  i n  these  so l ven ts ,  and i n  d i p o l a r  a p r o t i c  so l ven ts ,  
such as t e t r a h y d r o f u r a n ,  N ,N-dimethyl formamide and N-methyl p y r r o l  idone. 
Fu r the r  suppor t  f o r  t h e  proposed ha1 f - s a l t  s t r u c t u r e  was ob ta ined  from 
X-ray d i f f r a c t i o n  (powder p a t t e r n )  exper iments,  which i n d i c a t e d  t h e  absence 
of  ca lc ium hydrox ide  i n  t h e  produc t .  
e t h e r  i n  a Soxh le t  apparatus f a i l e d  t o  remove phenol, t he reby  r u l i n g  ou t  
t h e  p o s s i b i l i t y  o f  p h y s i c a l l y  adsorbed phenol and c o n f i r m i n g  t h e  h a l f - s a l t  
s t r u c t u r e .  

Calc ium d iphenate  so 

E x t r a c t i o n  o f  t h e  p roduc t  s a l t  w i t h  
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The thermal chemis t ry  o f  t h e  ca l c ium h a l f - s a l t  of  phenol i s  most 
i n t e r e s t i n g .  When t h e  m a t e r i a l  was heated a t  a programmmed r a t e  o f  10"C/min 
i n  a thermograv imet r ic  ana lyze r  (TGA) under argon, it was s t a b l e  t o  about 
450°C (F igu re  1).(1) Upon cont inued heat ing ,  d e v o l a t i l i z a t i o n  o f  t h e  sample 
occur red  (450-650°C) w i t h  a we igh t  l o s s  cor respond ing  t o  t h e  l o s s  of  phenol. 
An X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  650°C res idue  revea led  t h a t  ca l c ium 
ox ide  and some ca lc ium hydrox ide  were present.  F u r t h e r  hea t ing  t o  850°C 
i n  t h e  presence o f  a i r  l e d  t o  a very  smal l  a d d i t i o n a l  weight l o s s  and t o  a 
res idue  which X-ray a n a l y s i s  showed t o  be e s s e n t i a l l y  pure ca l c ium oxide. 
Both a t  550°C and 650°C i n  a smal l ,  ba tch  p y r o l y s i s  apparatus ( m i n i p y r o l y z e r ,  
F i g u r e  2) t h e  ca lc ium h a l f - s a l t  o f  phenol y i e l d s  phenol as t h e  major  v o l a t i l e  
o rgan ic  product (Equat ion  2). Table I 1  summarizes t h e  p y r o l y s i s  data. 

P y r o l y s i s  a t  550-650°C 
P h-0-Ca-OH + Ph-OH + CaO (2) 

I n  a s i m i l a r  manner, t h e  ca l c ium h a l f - s a l t  o f  p -c reso l  was prepared. 
Thermal s t a b i l i t y  o f  t h e  p-c reso l  h a l f - s a l t  i s  comparable t o  t h a t  o f  t h e  
phenol h a l f - s a l t ,  bu t  t h e  presence o f  t h e  s i d e  cha in  a l t e r s  t h e  d i s t r i b u t i o n  
o f  p roduc ts  on p y r o l y s i s ,  as shown i n  Tab le  111. A t  t h e  lower  p y r o l y s i s  
temperature o f  55OoC, c r e s o l s  a r e  t h e  o n l y  s i g n i f i c a n t  p roduc ts ,  though 
convers ion  i s  slow. A t  650°C however, thermal c rack ing  r e a c t i o n s  become 
impor tan t .  I n  t h i s  case, bo th  hydrogen and methane were found i n  t h e  gas 
produc t .  
t h e  l i q u i d s ,  a long w i t h  t h e  c reso ls .  

and potassium phenate, wh ich  under comparable c o n d i t i o n s  y i e l d  a char  and 
gas, bu t  e s s e n t i a l l y  no v o l a t i l e  l i q u i d  o rgan ic  products.(2,4) 

The unexpected r e s u l t s  w i t h  t h e  organocalc ium system suggested a new 
phenol separa t ion  and recovery  approach based on t h e  r e a c t i o n s  shown i n  
Equat ions 1 and 2. We have demonstrated phenol recovery  v i a  t h i s  h a l f - s a l t  
technique, us ing  bo th  model compounds and raw naphtha from t h e  EDS coal  
1 i q u e f a c t i  on process. (5.6) 

Phenol , presumably produced by  thermal deal  k y l  a t i o n ,  was found i n  

These r e s u l t s  a re  i n  sharp c o n t r a s t  t o  t h e  py ro l yses  o f  sodium phenate 

i 

' 

CONCLUSIONS 

The r e a c t i o n  of  ca l c ium hydrox ide  w i t h  phenols i n  aqueous o r  o rgan ic  
media p rov ides  a s imp le  method fo r  p repar ing  t h e  cor respond ing  ca l c ium phenol 
h a l f - s a l t s .  I n  sharp c o n t r a s t  t o  py ro l yses  o f  a l k a l i  metal  phenates which 
y i e l d  gas and char,  py ro l yses  of ca l c ium phenol h a l f - s a l t s  y i e l d  ca l c ium ox ide  
and phenols. The unexpected r e s u l t s  w i t h  t h e  organocalc ium system suggested 
a new phenol separa t ion / recovery  approach. 
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Ca (OP h )  PhO-Ca-OH Calcium S a l t  

Element Ca lcu la ted ,  W t %  Ca lcu la ted  , W t %  Found, W t %  

Carbon 63.7 48.0 46.0 (+0.4) - 

---_----------_ ---- ------- -- - - - - -_____ --------------- 

Hydrogen 4.4 4.0 3.89 (20.04) 

Calcium 17.7 26.7 26.8 (+0.4) 
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Wg~rw-~. The weight lost during TGA of the calcium half-salt of phenol - - - - -- - - 
corresponds to loss of phenol. 
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Rapid D e t e r m i n a t i o n  o f  B i  tumeri, V a r s o l  and Other S o l v e n t s  
Using P r o t o n  N.M.R. 

A. M A J I D  and J. WOODS 

D i v i s i o n  o f  Chemis t ry ,  N a t i o n a l  Research Counci l  of Canada 
O t t a w a ,  K1A OR6 

I n t r o d u c t i o n  

The e x t e n s i v e  Athabasca  o i l  s a n d s  are assuming a n  i n c r e a s i n g  
role i n  s u p p l y i n g  C a n a d a ' s  l i q u i d  h y d r o c a r b o n  needs .  One commercial 
p l a n t ,  Suncor I n c . ,  h a s  o p e r a t e d  s i n c e  1967.  I t  e x t r a c t s  b i tumen 
from the o i l  sands  and s u b s e q u e n t l y  u p g r a d e s  t o  synthetic c r u d e  o i l .  
Syncrude Canada Ltd. which i s  d e s i g n e d  t o  p r o d u c e  109 ,000  barrels o f  
s y n t h e t i c  c r u d e  p e r  d a y ,  began p r o d u c t i o n  i n  1978. Fundamental  t o  
the s u c c e s s f u l  u t i l i z a t i o n  o f  t h i s  o i l  s a n d  resource and t o  the 
economic o p e r a t i o n  o f  the  e x t r a c t i o n  p l a n t  i s  a reliable a n a l y t i c a l  
method f o r  the a n a l y s i s  o f  b i tumen r ich f r o t h  c o l l e c t e d  from the h o t  
water e x t r a c t i o n  p r o c e s s .  This f r o t h  must be f u r t h e r  t r e a t e d  t o  
remove s o l i d  p a r t i c l e s  and water. The p u r i f i c a t i o n  p r o c e s s  c o n s i s t s  
of  a d i l u e n t  a d d i t i o n  s t ep  t o  l i g h t e n  the hydrocarbon d e n s i t y ,  t w o  
c e n t r i f u g i n g  s t a g e s  t o  remove s o L i d s  and water, and a d i l u e n t  
r e c o v e r y  s tep.  A n a l y t i c a l  i n s p e c t i o n  o f  these process streams 
i n c l u d e s  a n a l y s i s  f o r  b i tumen,  d i l u e n t ,  w a t e r  and s o l i d s .  The 
a n a l y s e s  a re  needed f o r  process c o n t r o l  and  m a t e r i a l  b a l a n c e  
c a l c u l a t i o n s .  

The c u r r e n t  d e t e r m i n a t i o n  o f  b i tumen,  d i l u e n t ,  w a t e r  a n d  
s o l i d s  i s  performed by s e p a r a t i n g  the sample i n t o  t h e  i n d i v i d u a l  
components. The s o l v e n t / h y d r o c a r b o n  s o l u t i o n  must b e  f u r t h e r  
a n a l y z e d  f o r  d i l u e n t  ( n a p h t h a )  and b i tumen c o n t e n t .  Bitumen i s  
u s u a l l y  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  w h i l e  d i l u e n t  ( n a p h t h a )  i s  
e i ther  d e t e r m i n e d  by d i E f e r e n c e  or  by  G.C. ( 2 ) .  The m o s t  common 
problems w i t h  t h e s e  methods are t h e  g r e a t e r  s o u r c e s  of e r r o r s  
i n v o l v e d  ( 2 ) .  I f  the  n a p h t h a  i s  d e t e r m i n e d  by d i L f e r e n c e  a l l  t h e  
errors w i l l  accumula te  i n  the  r e s u l t s  f o r  t h i s  component. I n  the 
G.C. method errors w i l l  a r i s e  from d i l u t i o n  and the  s m a l l  volume 
r e q u i r e d  f o r  i n j e c t i o n  (1 u l )  ( 2 ) .  A l s o  the  a d s o r p t i o n  o f  a s p h a l t -  
e n e s  from bi tumen on t h e  column p a c k a g i n g  mater ia ls  l i m i t s  the  u s e  
of G.C. f o r  the  e s t i m a t i o n  of the  d i l u e n t  i n  the p r e s e n c e  O C  
bitumen.  

I n  t h i s  p a p e r  we r e p o r t  the  p r o t o n  nmr r e s u l t s  f o r  t he  
q u a n t i t a t i v e  e s t i m a t i o n  o f  b i tumen a n d  a d i l u e n t  ( n a p h t h a  or v a r s o l )  
i n  t h e  p r e s e n c e  o€ t o l u e n e ,  benzene  or  methylene  c h l o r i d e ,  th ree  
commonly u s e d  s o l v e n t s  €or the  e x t r a c t i o n  of b i tumen from o i l  sands .  

E x p e r i m e n t a l  Methods 

a )  P r o t o n  nmr measurements w e r e  per formed on  a V a r i a n  EM-360 nmr 
s p e c t r o m e t e r  ( 6 0  MHz); 500 u1 of s o l u t i o n  w a s  used  i n  each case i n  a 
5 mm i n t e r n a l  d i a m e t e r  t u b e .  Carbon t e t r a c h l o r i d e  o r  t e t r a c h l o r o -  
e t h y l e n e  w a s  used a s  s o l v e n t .  Gain and a m p l i t u d e  w e r e  a d j u s t e d  t o  
g i v e  i n t e g r a t i o n s  w i t h i n  the r a n g e  o f  the char t  p a p e r  u s i n g  l o w e s t  
and  h i g h e s t  c o n c e n t r a t i o n s .  Once a d j u s t e d  a l l  the  p a r a m e t e r s  were 
k e p t  c o n s t a n t  f o r  s u b s e q u e n t  measurements .  I n t e g r a t i o n  l i m i t s  f o r  
the  aromatic r e g i o n  o f  benzene ,  CHp-group of methylene  c h l o r i d e  and 
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the CH3-group o f  t o l u e n e  are w e l l  d e f i n e d  and c a n  be e a s i l y  
measured. However, it i s  d i f f i c u l t  t o  d e c i d e  the s t a r t i n g  p o i n t  f o r  
the i n t e g r a t i o n  f o r  the  methyl  r e g i o n  o f  bi tumen,  v a r s o l  or n a p h t h a  
a t  ca-  1.0 ppm d o w n f i e l d  from t e t r a m e t h y l s i l a n e .  T h i s  i s  because o f  
the  o v e r l a p  of  the methylene  and  methyl  r e g i o n s .  It w a s  t h e r e f o r e  
d e c i d e d  t o  t a k e  t h e  mid p o i n t  o f  the  t w o  p e a k s  (methyl  and  
methylene)  as the s t a r t  f o r  the i n t e g r a t i o n .  The i n t e g r a t i o n  l i m i t s  
f o r  methyl  r e g i o n s  w e r e  t h e r e f o r e  as  i l l u s t r a t e d  i n  f i g .  0.3. 
P r o t o n  nmr s p e c t r a  f o r  bi tumen,  v a r s o l ,  b i tumen + v a r s o l ,  t o l u e n e ,  
benzene ,  methylene c h l o r i d e ,  b i tumen + v a r s o l  + t o l u e n e  and  b i tumen 
+ v a r s o l  + benzene a r e  shown i n  f i g u r e s  6-8 t o  i l l u s t r a t e  the  
p o r t i o n s  i n t e g r a t e d  f o r  c a l i b r a t i o n  c u r v e s .  

b )  P r e p a r a t i o n  o f  S t a n d a r d  Bitumen S o l u t i o n :  Bitumen w a s  e x t r a c t e d  
from a sample o f  h i g h  g r a d e  o i l  s a n d  u s i n g  t o l u e n e  i n  a S o x h l e t  
a p p a r a t u s  ( 2 ) .  N o n - f i l t e r e d  s o l i d s  were removed f r o m  t h e  b i tumen 
s o l u t i o n  by passage  t h r o u g h  a 0 .45  pm m i l l i p o r e  f i l t e r  p a p e r .  The 
s o l v e n t  was removed i n  a Brinkmann r o t a r y  e v a p o r a t o r  a t  100°C u n d e r  
reduced  p r e s s u r e .  The t o t a l  t i m e  r e q u i r e d  t o  remove the s o l v e n t  
from a 100 gram sample w a s  less t h a n  one h o u r .  The r e s i d u a l  s o l v e n t  
w a s  t h e n  measured u s i n g  i n f r a r e d  s p e c t r o s c o p y  ( 3 )  and p r o t o n  nmr. 

c)  C a l i b r a t i o n  Curves: (1) Bitumen: - A s t a n d a r d  sample o f  the  
bi tumen r e q u i r e d  f o r  t h e  c a l i b r a t i o n  c u r v e  w a s  p r e p a r e d  a s  o u t l i n e d  
above.  The amount o f  the  r e s i d u a l  t o l u e n e  q u a n t i t a t i v e l y  d e t e r m i n e d  
b y  i n f r a r e d  and p r o t o n  nmr, was a p p l i e d  a s  a c o r r e c t i o n  t o  the 
b i tumen c o n t e n t .  A s t o c k  s o l u t i o n  (35.0% w/v) o f  b i tumen i n  c a r b o n  
t e t r a c h l o r i d e  and a n o t h e r  i n  t e t r a c h l o r o e t h y l e n e  w e r e  p r e p a r e d  f rom 
the s t a n d a r d  bi tumen a c c u r a t e l y  weighed t o  the n e a r e s t  0.0001 gram. 
S e r i a l  d i l u t i o n s  o f  bi tumen,  r a n g i n g  i n  c o n c e n t r a t i o n  from 3-35%, 
w e r e  p repared  and the areas o f  the methyl  p e a k s  were d e t e r m i n e d  from 
t h e  i n t e g r a t i o n  of the p e a k s  a t  ca. 1 .0  ppn d o w n f i e l d  from tetra- 

b i tumen vs area of  the methyl  peak  produced a s t r a i g h t  l i n e  p a s s i n g  
through t h e  o r i g i n ,  w i t h  a s l o p e  o f  0.51. 

1 m e t h y l s i l a n e  i n  the p r o t o n  nmr spec t rum.  A p l o t  o f  the  p e r  c e n t  

% Bitumen = A r e a  of the  methyl  peak  
0.51 

j ( 2 )  D i l u e n t :  Measurements w e r e  made f o r  t w o  b i tumen d i l u e n t s ,  namely 
naphtha  and Varsol ( S t o d d a r d  s o l v e n t ) .  S o l u t i o n s  o f  b o t h  n a p h t h a  a n 9  

, Varsol r a n g i n g  i n  c o n c e n t r a t i o n s  from 3 4 0 %  w/v w e r e  p r e p a r e d .  Areas 
o f  the methyl peaks  a t  ca. 1.0 ppm downf ie ld  from t e t r a m e t h y l s i l a n e  
w e r e  de te rmined  as d e s c r i b e d  above  f o r  bi tumen.  The p l o t s  o f  the per 
c e n t  naphtha  and  Varsol vs a r e a  o f  the methyl  peak  produced  s t r a i g h t  
Lines  p a s s i n g  t h r o u g h  the o r i g i n .  S l o p e s  f o r  t h e  t'wo p l o t s  w e r e  1 .17  
and 0.95 for 8 w/v c o n c e n t r a t i o n s  and 0.85 and  0.75 r e s p e c t i v e l y  f o r  
% v / v  c o n c e n t r a t i o n s .  The c o n c e n t r a t i o n  o f  the d i l u e n t  w a s  
de te rmined  as f o l l o w s :  

, 

% Diluent = A r e a  of  methyl  peak 
S l o p e  

( 3 )  Toluene,  Benzene and Methylene C h l o r i d e :  Carbon t e t r a c h l o r i d e  
s o l u t i o n s  o f  t o l u e n e ,  benzene  and methylene c h l o r i d e  w e r e  p r e p a r e d  
r a n g i n g  i n  c o n c e n t r a t i o n s  from 1-20% (10% i n  t h e  case o f  b e n z e n e ) .  
Areas of the methyl  peak f o r  t o l u e n e ,  CH2-peak f o r  methylene  
c h l o r i d e  and aromatic peak  of  benzene  were measured from t h e i r  p r o t o n  
nmr s p e c t r a .  P l o t s  Of p e r  Cent  c o n c e n t r a t i o n  V s  areas w e r e  s t r a i g h t  
l i n e s  i n  each case. The c o n c e n t r a t i o n s  were c a l c u l a t e d  u s i n g  the 
f o l l o w i n g  e q u a t i o n s .  
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(v /v )  of Toluene = Area of the methyl  peak  
5 .64  

% ( v / v )  of Benzene = Area o f  the peak  from p r o t o n  nmr 
13.75 

Area o f  -CH2 peak  
% ( v / v )  o f  Methylene C h l o r i d e  = 

5.64 

( d )  D e t e r m i n a t i o n  o f  Varso l /Bi tumen i n  a m i x t u r e .  
A r e a  o f  the methyl  peak ,  measured as o u t l i n e d  i n  1 or 2 

above, r e p r e s e n t s  the t o t a l  a r e a  due t o  c o n t r i b u t i o n s  from b o t h  
d i l u e n t  and b i tumen.  Bitumen c o n c e n t r a t i o n  w a s  s e p a r a t e l y  determined 
p h o t o m e t r i c a l l y  by  measurements  o f  a b s o r p t i o n  a t  530 nm. Knowing 
the c o n c e n t r a t i o n  of b i tumen the  area o f  the methyl  p e a k s  due t o  
b i tumen c a n  b e  d e t e r m i n e d  from the e q u a t i o n  i n  1 above. 

A r e a  o f  t h e  methyl  p e a k s  i n  b i tumen = 0.51  x 8 (w/v) Bitumen 

C o n c e n t r a t i o n  o f  the d i l u e n t  c a n  t h e n  be c a l c u l a t e d  as f o l l o w s :  

T o t a l  Area of the methyl  peak  - Area due t o  b i tumen C H 3  g r o u p  

s l o p e  

R e s u l t s  and D i s c u s s i o n  

The c a l i b r a t i o n  c u r v e s  f o r  benzene ,  toLuene ,  methylene  
c h l o r i d e ,  b i tumen and d i l u e n t s  (Suncor  naphtha  and  Varsol)  a r e  shown 
i n  f i g u r e s  1, 2 and 3. All plots  a r e  good s t r a i g h t  l i n e s  w i t h  zero  
i n t e r c e p t s .  This i s  i n d i c a t i v e  o f  the e x i s t e n c e  o f  a l i n e a r  c o r r e l a -  
t i o n  be tween t h e  p e r  c e n t  c o n c e n t r a t i o n s  and  the area o f  t h e  p r o t o n  
nmr s i g n a l s  e tnphasis ing the u s e f u l n e s s  of p r o t o n  nmr i n  the q u a n t i t a -  
t i v e  e s t i m a t i o n  o f  c o n c e n t r a t i o n s .  

The measurements i n v o l v i n g  b i tumen and d i l u e n t  w e r e  performed 
i n d e p e n d e n t l y  i n  t w o  s o l v e n t s ,  c a r b o n  t e t r a c h l o r i d e  and t e t r a c h l o r o -  
e t h y l e n e .  R e s u l t s  w e r e  found t o  be i n d e p e n d e n t  o f  the  s o l v e n t  
i n d i c a t i n g  n o  loss due t o  e v a p o r a t i o n  o f  the  c a r b o n  t e t r a c h l o r i d e  
d u r i n g  the p e r i o d  o f  measurement. Benzene, t o l u e n e  and methylene  
c h l o r i d e  w e r e  o n l y  s t u d i e d  i n  c a r b o n  t e t r a c h l o r i d e .  

Procurement  o f  u n a l t e r e d  s t a n d a r d  samples  o f  b i tumen from o i l  
sands  i s  a ser ious  problem r e c o g n i s e d  by C l a r k  i n  1950 (1).  O i l  does  
n o t  separate from the n a t i v e  s a n d s  and  water w i t h o u t  the u s e  o f  
e i t h e r  chemica l  a g e n t s ,  s o l v e n t ,  hea t  or ex t reme mechanica l  f o r c e ,  
a l l  o f  which may s i g n i f i c a n t l y  a l t e r  the o i l .  S i n c e  no method o f  
s e p a r a t i o n  e x i s t s  t h a t  c a n  g u a r a n t e e  a n  o i l  sample f r e e  from a l t e r a -  
t i o n ,  the  f i r s t  p roblem e n c o u n t e r e d  i n  o b t a i n i n g  a s t a n d a r d  sample 
o f  bi tumen is t h e  deve lopment  of a n  a c c e p t a b l e  s e p a r a t i o n  procedure .  
Of t h e  v a r i o u s  s e p a r a t i o n  methods,  s o l v e n t  e x t r a c t i o n  o f  b i tumen from 
o i l  sands  has  been  recommended as the m o s t  s u i t a b l e  method f o r  t h i s  
p u r p o s e  ( 3 ) .  

The major drawback of s o l v e n t  e x t r a c t i o n  methods i s  the  f a c t  
that  it is n o t  p r a c t i c a l  t o  c o m p l e t e l y  remove a l l  r e s i d u a l  s o l v e n t  
f r o m  the  b i tumen.  Hence a n a l y t i c a l  t e c h n i q u e s  are r e q u i r e d  t o  d e t e r -  
mine the  r e s i d u a l  s o l v e n t  c o n c e n t r a t i o n .  Again p r o t o n  nmr i s  found 
t o  be v e r y  u s e f u l  f o r  d e t e r m i n i n g  commonly used  p r o t o n a t e d  s o l v e n t s  
s u c h  as t o l u e n e ,  benzene  and methylene  c h l o r i d e s .  

d e t e r m i n e d  f r o m  p r o t o n  nmr compare r e a s o n a b l y  w e l l  w i t h  the a c t u a l  
C o n c e n t r a t i o n s  of t o l u e n e ,  benzene and methylene  c h l o r i d e  
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\ 
v a l u e s .  Accuracy o f  the nmr ne thod  i s  e v i d e n t  from the  v a l u e s  o f  the 
s t a n d a r d  d e v i a t i o n s  o f  i 0.116, r 0.177 and  i 0.318 r e s p e c t i v e l y .  A 
p l o t  Of Actua l  v s  Found c o n c e n t r a t i o n s  i s  shown i n  f i g .  4. I n  t he  
case Of benzene or t o l u e n e  the z e r o  i n t e r c e p t  and s l o p e  o f  1 are 
i n d i c a t i v e  of good a c c u r a c y .  I n  the case o f  methylene  c h l o r i d e  
s i g n i f i c a n t  e r r o r s  a r e  i n t r o d u c e d  because o f  the h i g h  v o l a t i l i t y  o f  
t h i s  s o l v e n t  (b.p. 39.8'C) which makes i t  d i f f i c u l t  t o  p r e p a r e  
s t a n d a r d  s o l u t i o n s  b e c a u s e  of e v a p o r a t i v e  losses. Hence a much 
h i g h e r  r e l a t i v e  s t a n d a r d  d e v i a t i o n  of f 1 . 0 3 3  w i t h  r e s p e c t  t o  l ea s t  
s q u a r e s  p l o t s  of  d a t a  a t  d i f f e r e n t  c o n c e n t r a t i o n s .  To remedy the  
problem of e v a p o r a t i o n  o f  t h e  s o l v e n t s  from the nmr t u b e s  w e  f i n d  it 
h e l p f u l  to  use t e E l o n  s t o p p e r s  r a t h e r  t h a n  r e g u l a r  p l a s t i c  caps. 
B e s i d e s  reducing  e v a p o r a t i o n  the  t e f l o n  caps a re  more r e s i s t a n t  t o  
s o l v e n t  a t t a c k ,  p a r t i c u l a r l y  by the c h l o r i n a t e d  s o l v e n t s .  

Rapid and re l iab le  d e t e r m i n a t i o n  o f  d i l u e n t  ( V a r s o l / N a p h t h a )  
i n  b i t u m e n / d i l u e n t  m i x t u r e s  i s  e s s e n t i a l  f o r  p r o c e s s  c o n t r o l  and  
material b a l a n c e  c a l c u l a t i o n s  both i n  hot w a t e r  p r o c e s s  and s o l v e n t  
e x t r a c t i o n  s p h e r i c a l  a g g l o m e r a t i o n  process f o r  the  e x t r a c t i o n  o f  
bi tumen E r o m  o i l  s a n d s .  The t r a d i t i o n a l  methods for the d e t e r m i n a t i o n  
o f  d i l u e n t  do n o t  g i v e  t h e  r e q u i r e d  d e g r e e  o f  a c c u r a c y .  The concent -  
r a t i o n s  o f  Varso l  as  d e t e r m i n e d  from p r o t o n  nmr measurements a re  
shown i n  f i g .  5 as  a p l o t  o f  the a c t u a l  c o n c e n t r a t i o n s  a g a i n s t  c a l c u -  
l a t e d  c o n c e n t r a t i o n s .  Zero i n t e r c e p t  and a s l o p e  of 1 i n d i c a t e s  a 
v e r y  good l i n e a r  c o - r e l a t i o n .  A s t a n d a r d  d e v i a t i o n  o f  f 0 . 2 8 1  (wt .S)  
w a s  c a l c u l a t e d  f o r  these r e s u l t s .  This a g a i n  d e m o n s t r a t e s  the  a c c u r -  
a c y  of the nmr method. Advantages o f  the nmr method i n c l u d e  h i g h e r  
p r e c i s i o n ,  s h o r t e r  a n a l y s i s  t i m e  ( a c t u a l  a n a l y s i s  t i m e  ca.  2 m i n u t e s ) ,  
b r o a d e r  range  of a p p l i c a b l e  c o n c e n t r a t i o n s  (0.2-7006) and s m a l l  
q u a n t i t y  o f  the non-consumable sample  needed f o r  a n a l y s i s  (500 ~ 1 ) .  

, 
Bitumen and d i l u e n t  c a n  he d e t e r m i n e d  s e p a r a t e l y  by p r o t o n  

I nmr, i n  a l l  the common s o l v e n t s ,  e . g .  benzene,  t o l u e n e ,  methylene  
c h l o r i d e ,  carbon t e t r a c h l o r i d e  and  other non-pro tona ted  s o l v e n t s .  
The r e s u l t s  a r e  a t  l ea s t  a s  accurate  a s  o b t a i n e d  by other methods. 

One o f  the peaks  o f  t h e  d i l u e n t  spec t rum o v e r l a p s  w i t h  t h e  
methyl  peak for  t o l u e n e .  Also, there i s  a n  o v e r l a p  be tween the 
a r o m a t i c  r e g i o n  o f  the  benzene and d i l u e n t .  Hence, a n  a c c u r a t e  d e t e r -  
m i n a t i o n  o f  the c o n c e n t r a t i o n s  o f  benzene  or  t o l u e n e  i n  p r e s e n c e  o f  
d i l u e n t  i s  n o t  p o s s i b l e  u s i n g  t h i s  method. However, t h e  p r e s e n c e  o f  
t o l u e n e  or benzene d o e s  n o t  e f f e c t  the  d e t e r m i n a t i o n s  o f  the  concent -  
r a t i o n s  of bi tumen or d i l u e n t .  
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CONCENTRATION % , w / V  

Fig .  1. C a l i b r a t  

t h e  lH nmr peaks .  

A .  

V on Curves .  C o n c e n t r a t i o n s  (;%) vs  a r e a  of 

B e n z e n e 0  : Toluene 0 : methylene  c h l o r i d e  

F ig .  2 .  C a l i b r a t i o n  Curves .  C o n c e n t r a t i o n s  (E%) vs a r e a  of  

t h e  methyl p r o t o n  nmr peaks .  

Suncor  Naphtha A . 

V 

Bitumen 0 : Stodda rd  s o l v e n t  0 : 
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V Fig. 3. Calibration Curves. Concentration (7%) vs area of 
the methyl proton nmr peaks. Varsol 0; Suncor Naphtha A. 

CONCENTRATION (actual) O/O v/v 
V Fig. 4. Plot of the concentrations (;%), Actual vs Found. 

Benzene 0 ; Toluene 0 : methylene chloride h . 



3 
VARSOL CONCENTRATION (actual) O/O w/v 

Fig. 5 .  P l o t  o f  t he  V a r s o l  c o n c e n t r a t i o n  a c t u a l  vs  Varsol 

c o n c e n t r a t i o n  found.  

- C 

a - 

Fig. 6 .  lH n.m.r. s p e c t r a  of a )  Bitumen b) Stoddard  s o l v e n t  

c)  Bitumen + S t o d d a r d  s o l v e n t .  19 4 
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6 5  

Fig .  7. lH n.m.r. s p e c t r a  of a )  Bitumen + Toluene  

b) Bitumen + methylene  c h l o r i d e  c )  Bitumen + Benzene. 

u 
8 7 6 
u 
8 7 6  

3 - ia 2 I 0 

7 a 

Fig .  8. l H  n.m.r. s p e c t r a  of a) Bitumen + Toluene  + Stoddard  

s o l v e n t  b , c )  Bitumen + Benzene + Stodda rd  s o l v e n t .  
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Storage S t a b i l i t y  S tud ies  o f  Fuels Der ived  from Shale and Petroleum 
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and Duquesne U n i v e r s i t y ,  P i t t s b u r g h ,  PA 15282 

INTRODUCTION 

I n  cons ide r ing  sha le  o i l  as an a l t e r n a t i v e  and complement t o  
petroleum as a feeds tock  f o r  p roduc t i on  o f  l i q u i d  f u e l s ,  impor tan t  
compos i t iona l  d i f f e rences  i n  t h e  heteroatom components must be taken i n t o  
account. Some heteroa tomic  compounds, c o n t a i n i n g  N, S, o r  0, i n f l u e n c e  bo th  
t h e  thermal s t a b i l i t y  and s to rage  s t a b i l i t y  o f  t h e  l i q u i d  fue l s .  Thermal 
s t a b i l i t y  i s  t h e  r e s i s t a n c e  of a fue l  t o  fo rma t ion  o f  depos i t s  on sur faces  
w i t h i n  t h e  f u e l  system o f  an opera t i ng  v e h i c l e ,  and s to rage  s t a b i l i t y  i s  t h e  
res i s tance  o f  a f u e l  t o  fo rma t ion  o f  gums (bo th  s o l u b l e  gums and i n s o l u b l e  
sediments) under f u e l  s to rage  cond i t i ons .  Thermal depos i t s  can f o u l  
f u e l / l u b r i c a t i n g  heat  exchangers causing decreased e f f i c i e n c y  and s to rage  
depos i ts  can p l u g  f i l t e r s .  

depos i t  f o rma t ion  i n  j e t  and d i e s e l  f u e l s  and t o  c h a r a c t e r i z e  t h e  depos i ts .  
I n s o l u b l e  sediments a re  t h e  undes i rab le  m a t e r i a l s  f o r  these f u e l s  s i n c e  they  
a r e  i n j e c t e d  i n t o  engines as l i q u i d s .  The r a t e  o f  sediment fo rma t ion  can be 
determined by t r a d i t i o n a l  q u a n t i t a t i v e  g r a v i m e t r i c  procedure,  u s u a l l y  a t  
temperatures o f  4 3 O C  o r  h ighe r .  
weeks or  months, depending on s t r e s s  temperature,  t o  develop amounts o f  . 
sediments which can be measured r e l i a b l y .  However, f u e l  s to rage  degradat ion  
can be mon i to red  i n  t h e  e a r l y  stages by l a s e r  l i g h t  s c a t t e r i n g  o f  deve lop ing  
p a r t i c l e s  a t  ambient temperature.  
exper iments,  i n  t h e  presence o f  c e r t a i n  he teroa tomic  compounds, we hope t o  
f i n d  out q u i c k l y  which o f  these compounds a r e  d e l e t e r i o u s  t o  f u e l  s t a b i l i t y .  
S t a b i l i t y  i n f o r m a t i o n  of t h i s  k i n d  i s  u s e f u l  i n  t h a t  r e f i n i n g  process 
cond i t i ons  can then be s e l e c t e d  which w i l l  m in imize  f u e l  degradat ion  th rough 
removal of t h e  d e l e t e r i o u s  compounds. U l t i m a t e l y ,  i t  w i l l  be impor tan t  t o  
know the  t r a d e - o f f s  betwen processes o f  v a r y i n g  s e v e r i t y  f o r  removing these 
compounds and mod i fy ing  t h e  f u e l  s t a b i l i t y .  

EXPERIMENTAL 

The purpose o f  t h i s  research  i s  t o  f i n d  mechanisms o f  s to rage 

These procedures r e q u i r e  s to rage t imes  of  

By c a r r y i n g  ou t  e x t e n s i v e  l i g h t  s c a t t e r i n g  

Laser l i g h t  s c a t t e r i n g  measurements were c a r r i e d  ou t  w i t h  a 
photometer desc r ibed  by Ber ry  (1) m o d i f i e d  by i n t r o d u c t i o n  o f  a l a s e r  l i g h t  
source. 
were used. The Pyrex c e l l s  were i n  t h e  form o f  t r u n c a t e d  cones, i n  order  t o  
reduce t h e  s t r a y  l i g h t  p i ckup  by the  de tec to r .  
of s u b s t i t u t e d  qu ino l i nes ,  p y r i d i n e s  and i n d o l e s  on depos i t  fo rmat ion ,  we 

Small l i g h t - s c a t t e r i n g  c e l l s  o f  t h e  design by Dand l iker  and Kraut (2)  

I n  o r d e r  t o  study t h e  e f f e c t s  
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adapted the  method of Dah l i n  e t  a l .  (3)  o f  o b t a i n i n g  t h e  amount of "depos i ted  
gum" from t h e  weight ga in  of a g lass  cover s l i p  (22 x 40 mm) p laced i n  a 150- 
m l  Pyrex beaker (bo t tom su r face  area 21.61 cm ) c o n t a i n i n g  50 m l  of l i q u i d  
fue l .  

Degradat ion produc ts  ob ta ined by heat s t r e s s i n g  (80-120°C) f u e l s  
enr iched w i t h  s p e c i f i c  he teroa tomic  compounds (500 ppm n i t r o g e n  concen t ra t i on )  
were analyzed by nuc lea r  magnet ic resonance technique. For depos i t s  which a re  
so lub le  i n  CDC13, bo th  90 MHz and 600-MHz spec t rometers  were used. The l a t t e r  
ins t rument  operates a t  magnet ic f i e l d  o f  140.9 kgauss, t h e  h ighes t  magnet ic 
f i e l d  poss ib le  today, and has been used by Hara e t  a l .  (4)  t o  study t h e  very  
complex coa l -der ived  l i q u i d s .  
magic-angle sp inn ing ,  s o l  i d - s t a t e  carbon-13 NMR spec t ra  were ob ta ined on a 

t h e  carbon n u c l e i  was done under Hartman-Hahn match ing  c o n d i t i o n s .  
was packed i n t o  a b u l l e t  r o t o r  and spun a t  approx imate ly  2500 Hz, and 
sidebands were suppressed u s i n g  t h e  Dixon Sideband Suppression technique. 

For depos i ts  which are  i n s o l u b l e  i n  CDC13, 

XL-200 superconduct ing spectrometer a t  50.3 MHz. Cross p o l a r i z a t i o n  o f  
The sample 

RESULTS AND DISCUSSION 

(A) Laser L i g h t  S c a t t e r i n g  and Deposi t  Formation i n  L i q u i d  Fuels 

Storage techn iques  f o r  de te rm in ing  t h e  s t a b i l i t y  o f  l i q u i d  f u e l s  
r e q u i r e  weeks o r  months o f  s to rage,  even a t  e leva ted  temperatures.  
techn ique which has g r e a t e r  s e n s i t i v i t y  f o r  i n i t i a l  d e p o s i t  f o rma t ion  c o u l d  
shor ten  the  s to rage t i m e  and/or reduce t h e  s t r e s s  temperature.  
examined one such techn ique,  l i g h t - s c a t t e r i n g .  As a f u e l  ages, p a r t i c l e s  grow 
i n  s i z e  and s c a t t e r  l i g h t .  
s c a t t e r i n g  ang le  as a f u n c t i o n  o f  s to rage t i m e  a t  room tempera ture  f o r  sha le  
11-derived JP-5 ( j e t  f u e l ,  sample 522) c o n t a i n i n g  va r ious  concen t ra t i ons  o f  
2 ,5 -d imethy lpyr ro le  (DMP), w h i l e  Figure 2 i s  a cor respond ing  p l o t  f o r  
pe t ro leum-der ived  JP-5 ( j e t  f u e l ,  sample 80-8). 
absence o f  DMP, which i s  e s p e c i a l l y  d e l e t e r i o u s  t o  f u e l  s t a b i l i t y ,  t h e  l i q u i d  
f u e l  i s  s t a b l e  and l i t t l e  l i g h t - s c a t t e r i n g  occurs. As t h e  concen t ra t i on  o f  
DMP increases, t h e  ex ten t  o f  l i g h t - s c a t t e r i n g  inc reases ,  i n  accordance w i t h  
t h e  i nc rease  i n  tendency t o  form depos i t .  
techn ique as a mon i to r  o f  ag ing  has the  advantages t h a t  room tempera ture  i s  
adequate and t h a t  a much s h o r t e r  t ime  o f  exper imen ta t i on  i s  requ i red .  The 
smal l  p a r t i c l e s  which are  formed on ag ing  a r e  b e l i e v e d  t o  be precursors  o f  
sediments. Comparison o f  Figures 1 and 2 shows t h a t  t h e  s t a b i l i t y  o f  t h e  
pe t ro leum-der ived  JP-5 i s  l e s s  than  t h e  sha le -de r i ved  JP-5. 

F igure  3 i s  a p l o t  o f  s c a t t e r i n g  i n t e n s i t y  a t  d i f f e r e n t  ang les  vs. 
t ime  a t  room tempera ture  f o r  pe t ro leum JP-5. For t h e  bo t tom l i n e ,  where no 
DMP i s  added, t h e  i n t e n s i t y  remains smal l  and cons tan t ,  and independent o f  t h e  
measuring angle. The uper l i n e s  a r e  f o r  d i f f e r e n t  ang les  f o r  pe t ro leum JP-5 
w i t h  105 ppm N, DMP. The da ta  show t h a t  s c a t t e r i n g  a t  45" i s  much g r e a t e r  
than a t  90" o r  135". As t h e  p a r t i c l e s  get l a r g e r ,  t hey  tend  t o  s c a t t e r  l i g h t  
more i n t e n s e l y  i n  a fo rward  d i r e c t i o n ,  r e s u l t i n g  i n  a l a r g e r  va lue  o f  
'45"135. 

O f  a l l  t h e  he teroa tomic  compounds t e s t e d ,  DMP i s  e a s i l y  t h e  most 
powerful  promotor o f  depos i t  f o rma t ion  i n  bo th  pe t ro leum-  and sha le -der ived  
j e t  f ue l s .  Among some o the r  n i t r o g e n - c o n t a i n i n g  compounds tes ted ,  t h e  

A 

We have 

F igure  1 i s  a p l o t  o f  s c a t t e r i n g  i n t e n s i t y  a t  90" 

The da ta  i n d i c a t e  t h a t  i n  t h e  

The use o f  l i g h t - s c a t t e r i n g  



d e l e t e r i o u s  e f f e c t  on sha le  j e t  f u e l  s t a b i l i t y ,  as measured by t h e  amount of 
"depos i ted  gum" (3) formed, decreases i n  t h e  order :  2,6-dimethyl-  
qu ino l i ne ,  s u b s t i t u t e d  p y r i d i n e s  ( 2 - e t h y l p y r i d i  ne, 2,4,6-tr imethyl-  
p y r i d i n e  , 2,6-di methyl  p y r i  d i  ne, 2-methyl py r i  d i  ne), 7-met h y l  i ndol e. 
f o l l o w i n g  compounds do n o t  f o rm depos i ted  gum i n  t h e  sha le -de r i ved  j e t  f u e l  
even when s t ressed  a t  80°C f o r  8 weeks: 2-methyl indo1ey 2,5-dimethyl indole,  
and 1,2,3,4-tetrahydroquinoline. The DMP sediment i s  i n s o l u b l e  i n  t h e  usual 
o rgan ic  so l ven ts ,  
CDC13? and t h e r e f o r e  have been s t u d i e d  by s o l u t i o n  NMR and i n f r a r e d  
techniques. 

The 

The gums ob ta ined  f rom use o f  o t h e r  dopants a r e  so lub le  i n  

( B )  L i q u i d  S ta te  NMR 

The JP-5 f u e l s  f rom sha le  I 1  and pe t ro leum have e s s e n t i a l l y  
i d e n t i c a l  p r o t o n  and carbon-13 NMR spectra.  
cons ide rab le  amount of l ong  unbranched a l k y l  groups i s  p resen t  i n  both. 
Figure 4 g ives  t h e  600-MHz PMR spec t ra  o f  sha le -de r i ved  JP-5 and 2,6- 
d i m e t h y l q u i n o l i n e  (DMQ), 500 ppm N, 25 days, 80°C: t o p  spectrum, t h e  stressed 
l i q u i d  phase i n  CDC13; bo t tom spectrum, t h e  sediment d i s s o l v e d  i n  CDC13. ,Many 
NMR s igna ls  appear i n  t h e  lower  f i e l d  reg ions  o f  t h e  a l i p h a t i c  and aromat ic 
ranges. These i n d i c a t e  t h e  p o l y c y c l i c  n a t u r e  o f  t h e  sediment, 3-4 a romat ic  
r i n g s .  Elemental  a n a l y s i s  o f  t h e  gum g ives  t h e  formula:  C H701.3. The 
n i t r o g e n  con ten t  i s  o n l y  1%. 
t h e  composi t ion o f  t he  depos i t .  

The a r o m a t i c i t y  i s  0.10 and a 

Thus, DMQ (wh ich  has 8.9% N) 8oes no t  dominate 

( C )  S o l i d  S t a t e  NMR 

Magic ang le  sp inn ing ,  carbon-13 spec t ra  o f  t h e  DMP sediments formed 
i n  shale JP-5 and i n  sha le -de r i ved  d i e s e l ,  show t h a t  oxygen i s  i nco rpo ra ted  i n  
t h e  depos i t  i n  t h e  form o f  ca rboxy la te ,  carbony l  and e t h e r  l inkages .  For both 
f u e l s ,  t h e  DMP depos i t s  have t h e  same fo rmula :  
C6HgNl we conclude t h a t ,  u n l i k e  DMq, DMP dominates {he tompos i t i on  o f  t h e  
depos i ts  ob ta ined  i n  t h e  sha le  d e r i v e d  j e t  and d i e s e l  f u e l s .  The n i t r o g e n  and 
oxygen con ten ts  o f  t h e  sediments a re  11.6 and 20.1 wt.%, r e s p e c t i v e l y .  These 
va lues  a r e  almost t w i c e  t h e  cor respond ing  va lues  o f  t h e  pe t ro leum j e t  fuel-DMP 
sediment which has t h e  fo rmula  C17H28N01,5: N,5.1; 0,8.4%. 

CgH NO1 5. Since DMP i s  

(D)  ESCA and Four ie r  Trans form I n f r a r e d  Spectroscopy 

ESCA and F T - I R  techn iques  have been used i n  t h e  study o f  depos i ts  
formed i n  sha le -der ived  j e t  f u e l ,  sha le -der ived  d i e s e l  f u e l ,  petroleum j e t  
f u e l ,  and coal  l i q u e f a c t i o n  p roduc ts  which have been sub jec ted  t o  severe 
hydro t rea tment  (upgraded H-coal and S R C - I 1  l i q u i d s ) .  The r e s u l t s  con f i rm  the  
f i n d i n g  t h a t  oxygen i s  r e q u i r e d  i n  fo rma t ion  o f  depos i t s  and t h a t  oxygen i s  
i nco rpo ra ted  i n  more than  one species.  We a r e  a l s o  us ing  these techn iques  t o  
s tudy  the  s t r u c t u r e  o f  t h e  s u l f u r  and oxygen species o f  t h e  depos i t  formed i n  
t h e  j e t  and d i e s e l  f u e l s ,  i n  t h e  presence o f  DMP and th iopheno l ,  f o r  t h e  
purpose o f  s tudy ing  synergism. 
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